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FOREWORD 

This is an engineering report based on studies being performed for the 

Manned Spacecraft Center, NASA, under contract NAS 9-366. The contract 

title is The Design and Development Study for Manned Space Flight Operations 

Control and Support. This report covers the results of one task and is 

being submitted in accordance with the requirements contained in the 

statement of Work in paragraph F.3. ~(13) (c) dated February 1, 1963. 

This report presents the results of the studies performed by Philco or? the 

possible utilization of optical methods for tracking and communication' in 

support of the lunar Apollo missions. The limited data available on the 

surface properties of the command and service modules and the lunar excursion 

module made it necessary to present the results in parametric form. Con- 

sequently$ final conclusions cannot be drawn. The data presented does, 

however, adequately summarize the capabilities and potential of optical 

techniques against RF methods for tracking and communication. It is 

recommended that further studies be performed when the engineering spe- 

cifications on the "skins" of the Apollo vehicles are complete. 
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1.1 GENERAL 

The purpose  of  t h i s  r e p o r t  i s  t o  summarize t h e  c a p a b i l i t i e s  of  o p t i c a l  

methods f o r  d a t a  a c q u i s i t i o n  and  communication as  backup t o  r a d i o  methods 

f o r  t h e  s u p p o r t  of t h e  Apollo l u n a r  m i s s i o n s .  

As d i c t a t e d  by t h e  mis s ion  c o n t r o l  c o n c e p t ,  t h e  ro le  o f  t h e  GOSS' i s  

e s s e n t i a l l y  t o  back up t h e  s p a c e c r a f t  f rom an  i n f o r m a t i o n  s t a n d p o i n t .  

As t h u s  d e f i n e d ,  t h e  p o t e n t i a l  u s e f u l n e s s  o f  o p t i c a l  ground equipments  

l ies  i n  t h e  areas o f  n a v i g a t i o n  ( t r a c k i n g )  backup and communication. 

T h i s  r e p o r t  d o e s  n o t  c o n s i d e r  t h e  v e r y  impor t an t  p r e - l a u n c h  a p p l i c a t i o n  

of o p t i c a l  t e c h n i q u e s  t o  t h e  a l ignmen t  of  t h e  launch  v e h i c l e .  

1 

1 . 2  COMPARISON OF OPTICAL AND R A D I O  TECHNIQUES 

Because o f  a t m o s p h e r i c  a b s o r p t i o n ,  o n l y  two major  r e g i o n s  of  t h e  

spec t rum are  a v a i l a b l e  f o r  communication 

t h e  s u r f a c e  o f  t h e  E a r t h :  

t o  a b o u t  7000 1 and t h e  r a d i o  "window", e x t e n d i n g  from approx ima te ly  

1 cm. t o  approx ima te ly  10 me te r s  ( F i g u r e  1). 

between t h e  s p a c e c r a f t  and 

0 
The o p t i c a l  "window", e x t e n d i n g  from 2900 A 

I n  t h e  i n f r a r e d  r e g i o n  beyond 7000 i, t h e r e  are a number of  less prominant  

'Iwindows", t h e  most impor tan t  of which i s  i n  t h e  v i c i n i t y  of  10 microns .  

O b s e r v a t i o n s  of t h e  s p a c e c r a f t  from t h e  ground and communications between 

t h e  s p a c e c r a f t  and t h e  ground are r e s t r i c t e d  t o  o p e r a t i o n  w i t h i n  one o r  

more of  t h e s e  windows i f  i n f r a r e d  methods are used .  G e n e r a l l y ,  t h e  

81window11 i n  t h e  v i c i n i t y  o f  10 microns  i s  most o f t e n  used .  

1- 1 
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F i g u r e  1 i n d i c a t e s  an  impor tan t  advan tage  of o p e r a t i n g  a t  o p t i c a l  

f r e q u e n c i e s ;  namely,  t h e  a v a i l a b i l i t y  of n a t u r a l  s o u r c e s  of ene rgy .  By 

f a r  t h e  most impor t an t  n a t u r a l  s o u r c e  of i l l u m i n a t i o n  f o r  t h e  s p a c e c r a f t  

i s  t h e  Sun,  which r a d i a t e s  98% of i t s  energy  i n  t h e  wavelength  r e g i o n  

39000  - 4 0 , 0 0 0 1 .  The t o t a l  i n t e n s i t y  of t h e  S u n l s  r a d i a t i o n  j u s t  o u t -  

s i d e  t h e  e a r t h ' s  a tmosphere  i s  a b o u t  1 .4  x 10 e r g  cm-' s e c - l .  The space -  

c r a f t  i t s e l f  a l s o  r a d i a t e s  because of i t s  t e m p e r a t u r e ,  which may be ex-  

pec ted  t o  be i n  t h e  v i c i n i t y  of a few hundred d e g r e e s  a b s o l u t e .  Thus ,  

the  m a j o r i t y  of t h e  blackbody s p a c e c r a f t  r a d i a t i o n  w i l l  be  i n  t h e  r e g i o n  

6 

of t h e  10 micron window. For a v e h i c l e  w i t h  a 100% e m i s s i v i t y  and a 

t e m p e r a t u r e  between 100 and 500 O K ,  t h e  t o t a l  energy  e m i t t e d  w i l l  r ange  

between 6 x 10 and 4 x 10 e r g  cm s e c  From c o n s i d e r a t i o n s  of t h e  

the rma l  e n g i n e e r i n g  of a v e h i c l e ,  and because  of t h e  smaller window 

th rough  which it  may be  obse rved ,  i t  i s  r e a s o n a b l e  t o  a n t i c i p a t e  t h a t  

3 6 - 2  -1 

1 

t h e  amount of energy  r e a c h i n g  t h e  e a r t h l s  s u r f a c e  due t o  t h e  thermal  

r a d i a t i o n  of t h e  s p a c e c r a f t  w i l l  be of t h e  same o r d e r  as o r  less than  

t h e  r e f l e c t e d  s o l a r  r a d i a t i o n .  S i n c e  t h e  i l l u m i n a t i o n  of t h e  s p a c e c r a f t  

by o t h e r  s o u r c e s  i s  r e l a t i v e l y  low, i n s o f a r  as t r a c k i n g  i s  conce rned ,  

t h e  v e h i c l e  must bq a r t i f i c i a l l y  i l l u m i n a t e d  t o  be obse rved  i n  t h e  

" r a d i o "  r e g i o n  

- __I--- 

*The e f f e c t  of s o l a r  r a d i a t i o n  r e f l e c t e d  f rom,  and the rma l  emis s ion  o f ,  
t h e  E a r t h  i s  s i g n i f i c a n t  f o r  v e h i c l e s  w i t h  a l t i t u d e s  less than  a b o u t  
1000 KM. However, s i n c e  f o r  t h e  m a j o r i t y  of t h e  Apollo Lunar Miss ion  
t h i s  a l t i t u d e  i s  exceeded ,  the e f f e c t  of t h i s  s o u r c e  of i l l u m i n a t i o n  
i s  unirnportanc 

-\ 

1-3 
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T h e r e f o r e ,  it i s  r e a d i l y  a p p a r e n t  tha t  an o p t i c a l  sys t em u t i l i z i n g  re-  

f l e c t e d  s u n l i g h t  or t h e  thermal emis s ion  o f  t h e  s p a c e c r a f t  o f f e r s  cer ta i  

a d v a n t a g e s ,  ene rgywise ,  o v e r  a r a d i o  system. T h i s  matter i s  more t h o r o u g h l y  

d i s c u s s e d  i n  S e c t i o n  2 ,  

Another  advan tage  o f  o p t i c a l  systems l i e s  i n  t h e i r  i n t r i n s i c a l l y  greater 

r e s o l u t i o n .  Radio and o p t i c a l  i n s t r u m e n t s  are fundamen ta l ly  l i m i t e d  by t h e  

wave n a t u r e  of r a d i a t i o n .  The minimum a n g l e  of r e s o l u t i o n  var ies  d i r e c t l y  

w i t h  t h e  wave leng th  and i n v e r s e l y  w i th  t h e  a p e r t u r e .  A s  t y p i c a l  v a l u e s  

of the wave leng ths  of pr imary i n t e r e s t ,  w e  may c o n s i d e r  5 x cm.  

c o r r e s p o n d i n g  t o  t h e  v i s i b l e  r e g i o n  o f  t h e  spec t rum,  c m .  c o r r e s p o n d i n g  

t o  the l o p  window, and 15 c m .  c o r r e s p o n d i n g  t o  a 2 KMC r a d a r .  It f o l l o w s  

tha t  t h e  r a t i o  of  a p e r t u r e s  r e q u i r e d  t o  a c h i e v e  t h e  same a n g u l a r  r e s o l u t i o n  

a t  t h e s e  t h r e e  wave leng ths  i s  1:20:3 x 10 . 
p e r f e c t  40 - inch  a p e r t u r e  t e l e s c o p e  o p e r a t i n g  under i d e a l  c o n d i t i o n s  cou ld  

r e s o l v e  a n  o b j e c t  0.14 seconds o f  arc  i n  d i a m e t e r  ( r o u g h l y  t h e  a n g l e  sub-  

t ended  by one f o o t  a t  a d i s t a n c e  of  240 n a u t i c a l  mi l e s ) .  T o  perform the 

5 A s  a n  example,  a n  o p t i c a l l y  

same o p e r a t i o n  i n  the r a d i o  r e g i o n  of  t h e  spec t rum,  one would r e q u i r e  a 

d i s h  a n t e n n a  w i t h  a n  a p e r t u r e  o f  164 n a u t i c a l  m i l e s .  

narrow a t t a i n a b l e  beamwidth and t h e  a b s e n c e  of  s i d e  l o b e s  r e s u l t s  i n  a n  

o p t i c a l  communication system which o f f e r s  i n c r e a s e d  s e c u r i t y  and reduced 

s u s c e p t i b i l i t y  t o  jamming and i n t e r f e r e n c e ,  as compared t o  a c o n v e n t i o n a l  

T h i s  p r o p e r t y  o f  a 

r a d i o  system. R e s o l u t i o n  i s  much less i m p o r t a n t  t h a n  one might suppose 

a t  f i r s t  s i g h t  f o r  pu rposes  of accurate d e t e r m i n a t i o n  of t h e  d i r e c t i o n  

t o  a n  i s o l a t e d  p o i n t  s o u r c e  (one can f i n d  t h e  c e n t e r  o f  a b a s e b a l l  o r  

a b a l l  b e a r i n g  w i t h  comparable a c c u r a c i e s ) .  

I 

R e s o l u t i o n  d o e s  become 

1-4 
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i m p o r t a n t ,  however,  when de termining  t h e  r e l a t i v e  p o s i t i o n s  of  two 

a p p a r e n t l y  c l o s e  o b j e c t s ,  as i n  t h e  f i n a l  s t a g e s  of a rendezvous .  

As ide  from t h e  q u e s t i o n  of r e s o l v i n g  power, c o n s i d e r a t i o n  m u s t  a l s o  be 

g iven  t o  t h e  p o i n t i n g  accuracy and r e p e a t i b i l i t y  of t h e  i n s t r u m e n t .  I n  

o t h e r  words,  a t t e n t i o n  must be p a i d  t o  t h e  f a c i l i t y  w i t h  which t h e  ob- 

s e r v a t i o n s  may be  reduced t o  a fundamental  r e f e r e n c e  frame.  

of  d e t e r m i n i n g  d i r e c t i o n s  by o b s e r v a t i o n s  a t  o p t i c a l  f r e q u e n c i e s  .lies i n  

t h e  a v a i l a b i l i t y  of a s te l la r  r e f e r e n c e  frame a t  t h e s e  f r e q u e n c i e s .  The 

l a r g e  number of s ta rs  w i t h  a c c u r a t e l y  de te rmined  d i r e c t i o n s  n o t  on ly  

p r o v i d e s  a convenhent  method f o r  c a l i b r a t i n g  o p t i c a l  m e t r i c  equipment ,  ' 

b u t  a l s o  a l l o w s  a n g u l a r  measurements t o  be made d i f f e r e n t i a l l y .  Thus,  

p r e c i s i o n  o p t i c a l  p o s i t i o n a l  measurements can be  made i n  such a way as 

An advantage  

t o  n o t  r e l y  h e a v i l y  on t h e  p o i n t i n g  accu racy  o r  r e p e a t i b i l i t y  of  t h e  

i n s t r u m e n t .  T h i s  is n o t  t h e  c a s e  w i t h  r a d a r  equipments .  

I n  h i g h  p r e c i s i o n  d i r e c t i o n  d e t e r m i n a t i o n ,  a tmosphe r i c  e f f e c t s  are 

q u i t e  i x p o r t m t ,  b ~ t h  zt o p t i c a l  h d  r a d a r  f r e q u e n c i e s .  For  t h e  v i s i b l e  

and i n f r a r e d  r e g i o n s ,  o n l y  t h e  normal index  of r e f r a c t i o n  of  a n e u t r a l  

g a s  mus t  be  cons ide red  i n  t he  r e d u c t i o n  of  t h e  o b s e r v a t i o n s .  I n  t h e  

r a d i o  r e g i o n ,  however,  i o n i z a t i o n  i s  dominant ,  and t h e  e f f e c t  upon 

o b s e r v a t i o n s  i s  abou t  f i v e  times l a r g e r  and much more v a r i a b l e .  Not 

o n l y  i s  t h e  c o r r e c t i o n  f o r  r e f r a c t i o n  much less i n  t h e  o p t i c a l  case, b u t ,  

as j u s t  ment ioned,  d i f f e r e n t i a l  measurements may be  made which a lmos t  

-1 e l i m i n a t e  t h e  e f f e c t s  of r e f r a c t i o n  by t h e  very  n a t u r e  of t h e  o b s e r v a t i o n s .  

A few examples of t h e  a c c u r a c i e s  of  p r e s e n t  equipment may prove inform- 

a t i v e .  Modern p r e c i s i o n  r a d a r s ,  f o r  example t h e  FPS-16, have  an  accu racy  
1-5 
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i n  t h e  f i e l d  of  abou t  2 0  seconds o f  a rc .  P r e s e n t  o p t i c a l  t r a c k e r s  ( n o t  

u s i n g  a s t e l l a r  r e f e r e n c e  frame) are abou t  twice as a c c u r a t e ,  w h i l e  

. .  

i n s t r u m e n t s  u s i n g  s t a r  backgrounds r e a c h ,  i n  missile r a n g e  o p e r a t i o n ,  

one o r  two seconds  o f  a r c  accuracy .  Somewhat improved fundamenta l  

( a b s o l u t e )  a c c u r a c i e s  a r e  r e a d i l y  o b t a i n e d  w i t h  a s t r o n o m i c a l  

w h i l e  r e l a t i v e  p o s i t i o n s  accurate t o  a few hundred ths  o f  a second of 

arc can  b e  o b t a i n e d  from a series of  long  f o c a l - l e n g t h  a s t r o m e t r i c  

i n s t r u m e n t s ,  

o b s e r v a t i o n s .  

An o f t e n  quoted  advan tage  of o p t i c a l  sys tems i s  t h a t  t h e y  are small, re-  

- 1 a t i v e l y  inexpens ive  and  p o r t a b l e .  As w i l l  b e  seen  l a t e r ,  n o t  a l l  of  t h e  

phases  of  t h e  Apol lo  Lunar  Mission can be  a d e q u a t e l y  covered  by small 

e a s i l y  p o r t a b l e  equipments .  

1.4 DISADVANTAGES OF OPTICAL OBSERVATIONS 

The p r i n c i p a l  d i s a d v a n t a g e  of o p t i c a l  methods i s  t h e i r  g r e a t e r  dependence 

on t h e  wea the r .  To overcome t h e  d i f f i c u l t i e s  imposed by inc l emen t  w e a t h e r ,  

e i t h e r  d u p l i c a t e  o b s e r v i n g  s t a t i o n s  o r  h i g h l y  p o r t a b l e  equipment must be  

employed. 

Another  s e r i o u s  d i s a d v a n t a g e  of  o p t i c a l  sys tems l i e s  i n  t h e  v a r i a t i o n  of  

background b r i g h t n e s s ,  o r  t a r g e t  c o n t r a s t ,  due t o  t h e  changing  b r i g h t n e s s  

of t h e  sky.  

r ange  i n  b r i g h t n e s s  of abou t  10 . 
to a v a r i a t i o n  i n  t h e  n o i s e  e q u i v a l e n t  s i g n a l  by a f a c t o r  of  l o 4 .  

t h i n g  e l se  b e i n g  c o n s t a n t ,  t he  change i n  sky i l l u m i n a t i o n  from day t o  

n i g h t  t h e r e f o r e  r e s u l t s  i n  a v a r i a t i o n  i n  t a r g e t  range  f o r  a s o l a r ,  o r  

I n  t h e  c o u r s e  of a d a y ,  t h e  sky background v a r i e s  th rough a 

8 For a n  i d e a l  d e t e c t o r ,  t h i s  co r re sponds  

Every-  
\ 
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s e l f - i l l u m i n a t e d  t a r g e t ,  by a f a c t o r  of  100. I n  p r a c t i c e ,  t h i s  

v a r i a t i o n  w i l l  u s u a l l y  be  l a r g e r .  

I f  t h e  s o u r c e  o f  i l l u m i n a t i o n  o f  t h e  v e h i c l e  i s  t h e  s u n ,  c o n s i d e r a t i o n  

must be  g iven  t o  t h e  e f f e c t  of e c l i p s e s  on t h e  e f f i c i e n c y  of  i n d i v i d u a l  

s e n s o r s .  The e a r t h ' s  shadow i s  no s e r i o u s  o b s t a c l e  t o  t h e  d e t e c t i o n  

and t r a c k i n g  o f  s p a c e c r a f t  a t  a d i s t a n c e  of s e v e r a l  e a r t h  r a d i i . *  For 

v e r y  c l o s e  s a t e l l i t e s ,  as  t h e  s p a c e c r a f t  w i l l  be d u r i n g  t h e  e a r t h  o r b i t  

phase  of t h e  m i s s i o n ,  t h e  e a r t h ' s  shadow becomes a s e r i o u s  problem, 

p a r t i c u l a r l y  i f  o b s e r v a t i o n s  are l i m i t e d  t o  t h e  h o u r s  o f  d a r k n e s s .  

F i g u r e  2 i n d i c a t e s  t h e  p r o b a b i l i t y  t h a t  a n  i n d i v i d u a l  s a t e l l i t e  i s  i n  

a n  e c l i p s e ,  assuming a uni formly  d i s t r i b u t e d  s a t e l l i t e  p o p u l a t i o n .  The 

f i g u r e  a l s o  d i s p l a y s  t h e  maximum d u r a t i o n  of  an  e c l i p s e  as  a f u n c t i o n  

of a l t i t u d e  f o r  v e h i c l e s  t r a v e l i n g  i n  c i r c u l a r  o r b i t s .  For o p t i c a l  

t r a c k i n g  d u r i n g  t h e  e a r t h - o r b i t  phase  of  t h e  m i s s i o n ,  e i t h e r  an ex-  

t e n s i v e  s e n s o r  network i s  r e q u i r e d ,  o r  e l se  t r a c k i n g  must be  accomplished 

d u r i n g  d a y l i g h t  h o u r s  o r  by some means o t h e r  t han  s o l a r  i l l u m i n a t i o n .  I t  

i s  s t i l l  p o s s i b l e ,  of  c o u r s e ,  t h a t  t h e  s p a c e c r a f t  may b e  observed  i n  t h e  

i n f r a r e d  r e g i o n  because  o f  i t s  n a t u r a l  t he rma l  e m i s s i o n .  

O p t i c a l  t e c h n i q u e s  f o r  t h e  measurement of r ange  and r a n g e - r a t e  are a t  

a severe d i s a d v a n t a g e  as compared t o  r a d a r  methods,  d e s p i t e  t h e  f a c t  t h a t  

o p t i c a l  r a d a r s ,  u t i l i z i n g  l a s e r s ,  show c o n s i d e r a b l e  promtise. For  the 

- ,  *It i s  assumed t h a t  t h e  miss ion  w i l l  be conducted i n  such  a way t h a t  t h e  
s p a c e c r a f t  w i l l  n o t  be i n  e c l i p s e  d u r i n g  t h e  t r a n s i t  p h a s e ,  nor  t h a t  
a n  ec l ipse  of  t h e  moon w i l l  occur  d u r i n g  t h e  l u n a r  l a n d i n g .  

'z 
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r e a s o n s  p r e v i o u s l y  g i v e n ,  range d e t e r m i n a t i o n  by t r i a n g u l a t i o n  i s  b e s t  

accomplished by o p t i c a l  methods. Un l ike  echo r a n g i n g ,  which i s  e s s e n t i a l l y  

l i m i t e d  i n  accu racy  by t i m i n g  accu racy  ( and  by o u r  knowledge of the  v e l o c i t y  

of  p r o p a g a t i o n ) ,  and may t h e r e f o r e  be  e x p e c t e d  t o  have a r e l a t i v e l y  con- 

s t a n t  p e r c e n t a g e  r a n g e  u n c e r t a i n t y ,  the p e r c e n t a g e  e r r o r  i n  t r i a n g u l a t i o n  

measurements ,  b e i n g  l i m i t e d  by t h e  p r e c i s i o n  w i t h  which small a n g l e s  can 

be measured,  i n c r e a s e s  r a p i d l y  w i t h  t h e  r a n g e .  N e v e r t h e l e s s ,  a p r o b a b l e  

6 e r r o r  i n  t h e  r ange  o f  10 t o  20% can be o b t a i n e d  a t  r a n g e s  up t o  2.5 x 10 

t imes t h e  b a s e  l i n e  between t h e  two s t a t i o n s  forming t h e  t r i a n g u l a t i o n  

network.  As t h e  paral lax a t  such a r a n g e  would amount t o  o n l y  0.04 seconds  

o f  a r c ,  and t h e  p a r a l l a x  e r r o r ,  a b o u t  0.005 seconds of  a rc ,  i t  i s  a p p a r e n t  

t h a t  a l a r g e  series of p r e c i s i o n  o b s e r v a t i o n s  w i t h  a p a i r  o f  l o n g - f o c a l  

l e n g t h  i n s t r u m e n t s  would be r e q u i r e d  f o r  t h i s  purpose.  The problem i s  

f u r t h e r  compl i ca t ed  by t h e  motion of  t h e  t a rge t .  F u r t h e r m o r e ,  such p r e -  

c i s i o n  t r i a n g u l a t i o n  would prove d i f f i c u l t  as f a r  as implementat ion w i t h  

a s h o r t - t i m e  r e a d o u t  i s  concerned. 

R a d i a l  v e l o c i t i e s  ( r a n g e  ra tes )  may be  obse rved  by e i t h e r  n o t i n g  t h e  change 

i n  r a n g e  p e r  u n i t  t ime  o r  by measuring t h e  Doppler s h i f t  of r a d i a t i o n  re- 

f l e c t e d  from t h e  v e h i c l e .  The f i r s t  of  t h e s e  methods i s  s imply a l o g i c a l  

e x t e n s i o n  of  t h e  r ange  measuring methods a l r e a d y  mentioned,  and i s  t h e r e f o r e  

b e s t  r e s t r i c t e d  t o  r a d a r .  The r a n g e  a c c u r a c i e s  of p r e s e n t  r a d a r s ,  however, 

l i m i t  t h e  a c c u r a c y  o f  t h e  r a d i a l  v e l o c i t y  de t e rmined  i n  t h i s  manner t o  

something on t h e  o r d e r  of  a few mi les  p e r  u n i t  t i m e .  A f a r  more a c c u r a t e  

d e t e r m i n a t i o n  o f  r a d i a l  v e l o c i t y  may be made by Doppler t e c h n i q u e s ,  s i n c e ,  

f o r  a g i v e n  v e l o c i t y ,  t h e  pe rcen tage  wavelength change. i s  a c o n s t a n t ,  

1 - 9  
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o b s e r v a t i o n s  a t  t h e  l o n g e r  wavelengths  w i l l  t a k e  advan tage  of t h e  l a r g e r  

a b s o l u t e  wavelength  change.  P r e s e n t  r a d a r  i s  c a p a b l e  of p r o v i d i n g  

r a n g e  ra te  d e t a  a c c u r a t e  t o  w i t h i n  a few f e e t  p e r  second.  O p t i c a l  sys tems 

may be expec ted  t o  perform t h i s  f u n c t i o n  w i t h  a t  l e a s t  an  o r d e r  of 

magni tude poore r  a c c u r a c y .  

A f i n a l  d i s a d v a n t a g e  of o p t i c a l  t e c h n i q u e s  which w i l l  be  ment ioned l i e s  

i n  t h e  method of s e c u r i n g  o b s e r v a t i o n s  of t h e  h i g h e s t  a n g u l a r  a c c u r a c y .  

As a l r e a d y  ment ioned ,  t h i s  i s  done by d i f f e r e n t i a l  measurement w i t h  r e -  

s p e c t  t o  a s te l lar  r e f e r e n c e  frame. Most g e n e r a l l y ,  t h i s  i s  done 

p h o t o g r a p h i c a l l y .  The p rocedures  most w ide ly  employed a t  p r e s e n t  r e s u l t  

i n  c o n s i d e r a b l e  t i m e  d e l a y s  between o b s e r v a t i o n  and r e d u c t i o n .  

T a b l e  I summarizes t h e  p reced ing  comparison of o p t i c a l  and r a d i o  

t e c h n i q u e s  a 

? 
! n  
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TARLE J 

COMPARISON OF OYI'lChL Awl) R A D I O  
TRACKING A N D  COMMUN ICATlON 

EQUIPMENTS 

R A D I O  EQLlIt MENT 
TYPE 

OETICAL 
V i s i b l e  I n f r a r e d  

Ambient ( ::unl i g h t )  
o r  a r t  i f  i c i a l  

Ambient ( t h e r m a l )  
o r  a r t i f i c i a l  

A r t i f i c i a l  

Very h i g h :  
R e s o l u t i o n  of  s m a l l  
d e t a i l  and s e c u r e  
commun i c a  t ton po s s i b  1 e 

High Angular  
r e s o l u t i o n  

D4 

4 U 

C 

4 

t 
UJ Range 

5 
U 

bu 
a c c u r a c y  

Range Rate 
a c c u r a c y  

Background 
i l l u m i n a t i o n  

a 
U 

Weather  
@ W 
b .  
a 
2 
y Shadow 

E a r t h  

SYSTEM 
CONS IDERAT IONS 

Mudera t e Very h i g h :  Accura te  
r e f e r e n c e  f rame 
a v a i l a b l e ;  modera te  
and e a s i l y  c a l i b r a t e d  
r e f r a c t i o n  e r rors  

Low: Lack of a c c u r a t e  
e x t e r n a l  r e f e r e n c e ;  
l a r g e  and v a r i a b l e  
F o o r l y  c a l i b r a t e d  
r e f r a c t i o n  e r r o r s .  

Except  f o r  l a s e r s ,  
which r e q u i r e  
d e v e l o p m e n t ,  low 

A n  g i v e n  f o r  
v i s i b l e  

High 

LOW Low Doppler  s h i f t  e q u i p -  
ments  v e r y  h i g h ,  
o t h e r w i s e  l o w  

Ext remely  
v a r i a b l e  

R e l a t i v e l y  con- 
s t a n t ,  a t  most 
f r e q u e n c i e s  

A s  g i v e n  f o r  
i n _ ' r a r e d  

An e x t r e m e  problem A s  g i v e n  f o r  
v i s i b l e  

A problem o n l y  a t  
some f r e q u e n c i e s  

A r r o b i e m  o n l y  ' fo r  
solar i l l u m i n a t e d  
o b j e c t s  a t  low 
a 1 t i t u d e s  

Re l a  t i v e  i y  
uri impor t a n  t 

Unimpor tan t  

I 
C o n s i d e r a b l e  
ne twork  a l r e a d y  
e s t a b l i s h e d  

Some e q u i p -  
x e n t s  F o r t a b l e  

Near real-time 
d e l i v e r y  o f  h i g h l y  
a c c u r a t e  a n g l e s  a 
program. 
Some e q u i p m e n t s  
p o r t a b l e  
C o n s i d e r a b l e  network 
a l r e a d y  es t a b 1  i shed  . 

L .  
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SECTION 2 

TARGET DETECTION 

2 . 1  VEHICLE BRIGHTNESS 

Brightness by Reflected LiEht 

Figures 3 and 4 show the probable configuration of the Apollo spacecraft 

and the lunar excursion module (LEM). Lack of knowledge of the surface 

compositions of these vehicles, and the extreme complexity of the latter 

vehicle, make an accurate estimate of the brightnesses of the vehicles 

impossible. For the purpose of making a preliminary brightness estimate, I 

the vehicles have been considered to be described in terms of the f o l -  

lowing elements: 

a. The spacecraft is considered to be a diffusely reflecting 
cylinder 154 inches in diameter and 135 inches long capped 
on .one end by the re-entry vehicle. 

b. The re-entry vehicle is considered to be a diffusely re- 

closed at its larger dimension with a flat plate. 
.fleeting cone 154 inches in diameter and 190 inches long, 

c. The lunar excursion module is considered to be a diffusely 
reflecting cylinder 125 inches in diameter and 140 inches 
in length, closed at both ends by a flat plate. 

A diffusely reflecting cylinder has an apparent'radiant intensity, 

J , given by 
CY 1 

2- 1 
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i 154 in. -_ - 

A - 1 6 7  

F i g .  3 Apollo Sraczcrafrr Config’utacion 
(Arproximat? Dimsnsions)  
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T 
140 in. 

1 165 in. 

Fig, 4 Lunar Excursion Module 
(Approximace Dimensions 1 
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Y is t h e  r e f l e c t a n c e  of  t h e  v e h i c l e ,  

He is the solar i r r a d i a n c e ,  

r and R are  t h e  r a d i u s  and l e n g t h  of t h e  c y l i n d e r ,  

9, and +obs are t h e  a n g l e s  from t h e  c y l i n d e r  a x i s  to  t h e  

d i r e c t i o n  of t h e  sun and t h e  o b s e r v e r .  

. .  

where  @ i s  t h e  phase a n g l e  ( F i g u r e  5). By way of comparison,  t h e  

a p p a r e n t  r a d i a n t  i n t e n s i t y  of a d i f f u s e l y  r e f l e c t i n g  sphe re  i s  

g i v e n  by 

Maximum b r i g h t n e s s  o f  t h e  c y l i n d e r  r e q u i r e s  t h a t  +a = +obs = n/2 and t h a t  

6 = 0. I f  w e  o n l y  r e q u i r e  t h e  f i r s t  o f  t h e s e  a s sumpt ions ,  

I " - 8 )  c o s 8  + s i n 6  
J C Y l  

T h a t  i s ,  when t h e  d i r e c t i o n s  t o  t h e  sun and t o  t h e  o b s e r v e r  are b o t h  

a t  r i g h t  a n g l e s  t o  t h e  axis  of t h e  c y l i n d e r ,  t h e  c y l i n d e r ' s  b r i g h t n e s s  

2-4  
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Fig. 5 Geometry of Reflection from a Cylinder 
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a s  a f u n c t i o n  of Fhase a n g l e  is t h e  same a s  t h a t  of  a d i f f u s e l y  re- 

f l e c t i n g  s p h e r e  w i t h  a r a d i u s  g i v e n  by 

Equa t ions  ana logous  t o  e q u a t i o n  (1) may be developed  f o r  a d i f f u s e  

cone.' For  t h e  s p e c i a l  case of e q u a t i o n  ( 3 1 ,  t h e  i n t e n s i t y  of  a cone 

i s  g i v e n  by 

1 = L H [re4cos "1 b m - 5 )  c o s  e +  s i n  6 
n e 

J 
cone 

where a i s  t h e  g e n e r a t i n g  a n g l e  of t h e  cone. For  t h e  cone of  i n t e r e s t ,  

a 309 and t h e  c o n e ' s  b r i g h t n e s s  as a f u n c t i o n  o f  phase  a n g l e  i s  t h e  

same as t h a t  of  a d i f f u s e l y  r e f l e c t i n g  s p h e r e  w i t h  a r a d i u s  g i v e n  by 

(6) r =,/F 3 4 - 3 7  = 0.57 . 

1 
See, f o r  example,  T .  6. Fahy, "As t ro -Opt i ca l  T r a c k e r  Study,"  AFGC- 
TK-60-42, P e r k i n  Elmer C o r p o r a t i o n ,  16  March 1960. 
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It  w i l l  prove conven ien t  to  e x p r e s s  t h e  a p p a r e n t  b r i g h t n e s s e s  of  t h e  

v e h i c l e s  i n  s t e l l a r  magnitudes.  

i n c h e s ,  and t h e  r a n g e ,  p , i n  n a u t i c a l  mi l e s ,  t h e  a p p a r e n t  magnitude of a 

d i f f u s e  s p h e r e  i s  g iven  by 

Taking t h e  dimensions of t h e  o b j e c t  i n  

2 m = m + 24.3 + 5 l o g l O  P - 2.5 l o g l O  Y r  
e ( 7 )  

where mo i s  t h e  a p p a r e n t  magnitude of t h e  sun ( - 2 6 . 8  on t h e  v i s u a l  s c a l e ) .  

For t h e  s p e c i a l  case o f  = = n/2 ,  t h e  a p p a r e n t  magni tudes of  a #obs 

c y l i n d e r  and a cone may be c a l c u l a t e d  by u s e  of t h e  r e l a t i o n s h i p s  ( 4 )  and 

( 6 ) .  

Before  p roceed ing ,  however,  it i s  w e l l  t o  c o n s i d e r  t h e  e f f e c t s  of  phase 

a n g l e .  For a s p e c u l a r l y  r e f l e c t i n g  s p h e r e ,  t h e  e x p r e s s i o n  ana logous  to  

e q u a t i o n  ( 7 )  i s  

m = m  + e 
24.3 + 5 2.5 l o g  l o  

2 ~r + 1 . 5  . 

It is  to  be n o t e d  t h a t  t h e  magnitude of a s p e c u l a r l y  r e f l e c t i n g  s a t e l l i t e  

is e n t i r e l y  independent  of  i t s  phase a n g l e ,  whereas t h e  magnitude o f  a 

d i f f u s e l y  r e f l e c t i n g  s a t e l l i t e  does  depend upon t h e  r e l a t i v e  p o s i t i o n s  of  

t h e  s u n ,  s a t e l l i t e  and o b s e r v e r .  Consequent ly ,  t h e r e  w i l l  be  c e r t a i n  

r a n g e s  of  phase a n g l e  where one t y p e  of r e f l e c t o r  w i l l  have a n  advan tage  

o v e r  t h e  o t h e r .  
‘.c 
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Cons ider  t w o  s a t e l l i t e s ,  one v i s i b l e  by s u n l i g h t  r e f l e c t e d  s p e c u l a r l y  and 

t h e  o t h e r  by d i f f u s e  r e f l e c t i o n .  They each  have  t h e  same r a d i u s ,  a l b e d o ,  

and d i s t a n c e  from t h e  obse rve r .  T h e i r  v a r i a t i o n  of  a p p a r e n t  b r i g h t n e s s  

w i t h  phase  a n g l e  i s  t h e n  shown by F i g u r e  6 .  It i s  seen  t h a t  t h e  a p p a r e n t  

b r i g h t n e s s  o f  a d i f f u s e l y  r e f l e c t i n g  s a t e l l i t e  between f u l l  phase  and 

q u a d r a t u r e  i s  greater than  t h a t  o f  a similar s a t e l l i t e  v i s i b l e  by specu-  

lar r e f l e c t i o n ,  becoming 2.66 times g r e a t e r  a t  o p p o s i t i o n .  But ,  from 

q u a d r a t u r e  t o  i n f e r i o r  c o n j u n c t i o n ,  t h e  a?pa ren t  b r i g h t n e s s  o f  t h e  d i f f u s e  

r e f l e c t o r  d e c r e a s e s  r a p i d l y ,  and a s a t e l l i t e  w i t h  s p e c u l a r  r e f l e c t i o n  i s  

d e f i n i t e l y  a n  advantage .  The two t y p e s  of  r e f l e c t o r s  are  e q u a l  i n  appa-  

r e n t  b r i g h t n e s s  a t  a phase  a n g l e  o f  a b o u t  87'. For a p r e l i m i n a r y  d e s i g n  

estimate, t h i s  phase  a n g l e  has  been adopted .  

F i g u r e  7 i n d i c a t e s  t h e  appa ren t  b r i g h t n e s s  of  t h e  v e h i c l e s ,  on t h e  b a s i s  

of t h e  model o u t l i n e d  above ,  as  a f u n c t i o n  o f  r a n g e ,  f o r  assumed o v e r a l l  

r e f l e c t a n c e s  between 30% and  100%. The t h r e e  modules are a l l  w i t h i n  0.1 

magnitude o f  each  o t h e r ,  when c o n s i d e r e d  under  t h e  above g iven  c o n d i t i o n s .  

Taken t o g e t h e r ,  t w o  of t h e  v e h i c l e s  would appea r  0.75 magnitude b r i g h t e r  

t h a n  the c u r v e s ,  w h i l e  a l l  t h r e e  would appea r  1.2 magni tudes  b r i g h t e r .  

A t  r a n g e s  up t o  a few thousand n a u t i c a l  miles, t h e  v e h i c l e s  would be  v i s i -  

ble to t h e  naked e y e  a g a i n s t  a n i g h t - s k y  a t  maximum b r i g h t n e s s .  Beyond 

t h i s  d i s t a n c e ,  o p t i c a l  a i d  would be  r e q u i r e d .  

moon, d i s t i n g u i s h i n g  t h e  v e h i c l e  above t h e  background i l l u m i n a t i o n  p r e -  

s e n t s  a problem. 

I n  the v i c i n i t y  of  t h e  

2-8 
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The above resul ts  a r e ,  of coursct, l . (nntotive.  I t  would be d(.sLr-nblc t o  

i n v e s t i g a t e  t h e  pho tomet r i c  p r o p e r t i e s  of t h e  v e h i c l e s  in R l a b o r n t o r y  

u s i n g  small s c a l e  models ,  once t h e  c o n f i g u r a t i o n  and s u r f a c i n g  pa rame te r s  

have been se t .  

Atmospheric e x t i n c t i o n  a c t s  to  r educe  t h e  range  a t  which a t a r g e t  i s  v i s i b l e .  

The t o t a l  change i n  i n t e n s i t y  due t o  e x t i n c t i o n  i s  n o t  on ly  one o f  quan-  

t i t y ,  b u t  one of q u a l i t y  as we l l .  Under ave rage  c o n d i t i o n s ,  t h e  z e n i t h a l  

e x t i n c t i o n  i s  abou t  Om.2 i n  yel low l i g h t  and  Om.4 i n  b l u e .  

d i s t a n c e  of  G O o ,  t h e  a i r  mass h a s  doub led ,  and t h e r e f o r e  t h e  magnitude 

e x t i n c t i o n  r u n s  abou t  Om.4 t o  Om.8. 

n a t e d  t a r g e t  observed  a t  Z = 60 

2 and 4 by e x t i n c t i o n  depending on whether  t h e  o b s e r v a t i o n s  are conducted 

i n  ye l low o r  b l u e  l i g h t ,  r e s p e c t i v e l y ,  compared t o  t h e  range  computed 

n e g l e c t i n g  e x t i n c t i o n .  

A t  a z e n i t h  

The r a n g e  on a s e l f - o r - s o l a r - i l l u m i -  

0 i s  t h u s  reduced  by a f a c t o r  of  between 

2.2 BACKGROUND BRIGHTNESS 

F i g u r e  8 i n d i c a t e s  t h e  v a r i a t i o n  i n  sky background b r i g h t n e s s .  The c u r v e s  

f o r  t h e  t w i l i g h t  sky were de r ived  from t h e  d a t a  of  Koomen e t  a1.2 

d a t a  f o r  t h e  moon l i t  sky i s  due t o  Dole,3 based on a t h e o r e t i c a l  i n t e r p r e -  

The 

t a t i o n  of t h e  s o l a r  a u r e o l e .  A s  h a s  a l r e a d y  

t r o d u c t i o n ,  t h e  b r i g h t n e s s  of t h e  sky v a r i e s  

n i g h t  and day.  

been p o i n t e d  o u t  i n  t h e  i n -  

by a f a c t o r  of lo8 between 
I 

Koomen, e t  a1 t 'Measurenents  of t h e  B r i g h t n e s s  of t h e  T w i l i g h t  Sky," 
J o u r n a l  o'f t h e  Optical S o c i e t y  of America,  4 2 ,  353, 1952. 

S. H .  Dole ,  " V i s u a l  De tec t ion  of L i g h t  Sources  on o r  n e a r  t h e  Moon," 
ASTLA Document AD 133032, 27 May 1957. Rand Memorandum RM-1900. 

2 

3 
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phases.  Mort, ; l c c u r a t c ~  d a t a  ; \ r e  a v a i l a b l e  lo r  s p e c i f i c  areas of t h e  11toon, 

and for  a f i n a l  a n a l y s i s ,  should  bc employed. 

L i g h t  t h a t  i s  r e f l e c t e d  from t h e  e a r t h  o n t o  t h e  d a r k  moon i s  ano the r  

sc)urce of background b r i g h t n e s s  whi.ch should  be cons ide red  i n  a more c l c -  

t a i l e d  a n a l y s i s .  T h i s  i l l u m i n a t i o n  i s ,  of c o u r s e ,  greatest  'at new moon, 

and f o r  t h e  p r e s e n t  d i s c u s s i o n  w i l l  lie n e g l e c t e d .  

2 e 3 DETECTION THRESHOLDS 

a .  The Eye 

T y p i c a l  o f  a l l  "panoramic" d e t e c t o r s ,  t h e  a b i l i t y  of t h e  e y e  t o  d e t e c t  a 

f a i n t  ob jec t  a g a i n s t  a luminous background deFends on the  a n g u l a r  e x t e n t  

of  the o b j e c t ,  i t s  b r i g h t n e s s ,  and t h e  b r i g h t n e s s  of t h e  background.  F i g u r e  

10, based  on the  r e d u c t i o n  o f  H .  R .  B l a c k w e l l ' s  d a t a 5  by Tousey and  

Hu lbur t6 ,  i n d i c a t e s  these dependences f o r  a 98% p r o b a b i l i t y  of d e t e c t i o n .  

F i g u r e  11 p r e s e n t s  t h e  same d a t a  i n  a d i f f e r e n t  form.  

The e f f e c t  of  a telescope on t h e  d e t e c t i o n  of a f a i n t  s o u r c e  can be de- 

r i v e d  from o p t i c a l  p r i n c i p l e s .  Fol lowing  t h e  n o t a t i o n  of  Tousey and  

H u l b u r t  , l e t  
6 

4 R u s s e l l ,  Dugan, and S t e w a r t ,  Astronomy, (Ginn and Co., New Yorkj,  1926, 

5 

6R. Tousey and E.  0. H u l b u r t ,  "The V i s i b i l i t y  of S t a r s  i n  t h e  Dayl ight  

page 173. 

H .  R :  B lackwe l l ,  Journa l  of t h e  O p t i c a l  S o c i e t y  of America, 3 6 ,  6 2 4 ,  1946.  

Sky," J o u r n a l  of  t h e  O p t i c a l  S o c i e t y  of America, 38 ,  886,  1948 

2 -  E3 
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D = t h e  diameter  of t h e  o b j e c t i v e  ( e n t r a n c e  p u p i l )  

d =  

e =  
M =  

t =  

i =  

- i, - 

b =  

b, = 

t h e  d i ame te r  of t h e  e x i t  p u p i l  

t h e  d i ame te r  of t h e  p u p i l  of t h e  e y e  

t h e  m a g n i f i c a t i o n  = D/d 

t h e  t r a n s m i s s i o n  of t h e  t e l e s c o p e  

s t e l l a r  i l l u m i n a t i o n  

a p p a r e n t  s t e l l a r  i l l u m i n a t i o n  when viewed 

through t h e  t e l e s c o p e  

background b r i g h t n e s s  

a p p a r e n t  background b r i g h t n e s s  when viewed 

through t h e  t e l e s c o p e .  

Then, for 

d 1 Ps 
2 

i = t M i  a ( 9 )  

(10) ba = t b  

and for 

2 
= t ( d / p I 2  b = t (D/pM) b. ba ( 1 2 )  

I t  shou ld  be  clear t h a t  t o  d e t e c t  a f a i n t  p o i n t  s o u r c e ,  w e  d e s i r e  d s  p 

and a l a r g e  m a g n i f i c a t i o n .  On t h e  o t h e r  hand ,  t h e r e  i s  a l i m i t  t o  what 

can be accomplished by i n c r e a s e d  m a g n i f i c a t i o n ,  b e f o r e  t h e  e f f e c t  i l l u s -  

t r a t e d  i n  F i g u r e s  10 and 11 becomes i m p o r t a n t .  We might  n o t e  h e r e  t h a t  

\ 

2-  17 
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Fahy' c o n s i d e r e d  t h e  case d > p ,  w h i l e  c o n s i d e r i n g  t h i s  e f f e c t ,  and t h a t  

Dole c o n s i d e r e d  t h e  case d ( p ,  w i t h o u t  t a k i n g  i n t o  accoun t  t h i s  i n c r e a s e  ~ 

3 

i n  t h r e s h o l d .  

Assuming a p e r f e c t  o p t i c a l  system, two c a u s e s  o f  t h e  en largement  of a p o i n t  

s o u r c e  must be Cons idered .  The f i r s t  i s  d i f f r a c t i o n ,  which f o r  t h e  case 

a t  hand produces  a n  image of d i ame te r  6 minu tes  o f  arc i n  acco rdance  w i t h  

(13) 

wher 

t h e  e q u a t i o n  

6 = 0.461 M i D ,  

D i s  xp res sed  i n  c e n t i m e t e r  , An i n s p e c t i o n  of F i g u r e  11 i n d i c a t e s  

t h a t  as long  as t h e  a p p a r e n t  s p o t  d i ame te r  i s  less than  a b o u t  3 minu tes  

o f  arc, l i t t l e  d e g r a d a t i o n  of t h r e s h o l d  performance i s  t o  be  expec ted .  

This p a r t i a l l y  a c c o u n t s  f o r  t h e  c o n d i t i o n  M = 16 D ( i n  i n c h e s )  men t io red  

by Hast ings '  and used  by Dole. 

a t  modera te ly  h i g h  m a g n i f i c a t i o n s ,  i s  a s t r o n o m i c a l  s e e i n g .  Because o f  

The second e f f e c t ,  which becomes i m p o r t a n t  

a tmosphe r i c  t u r b u l e n c e ,  t h e  d i s k  of  a s ta r  s u b t e n d s ,  under  a v e r a g e  cond i -  

t i o n s ,  a b o u t  3 seconds  o f  a r c .  

200, t h e  d e t e c t i o n  performance of a t e l e s c o p e  b e g i n s  to  be  degraded  a t  

A t  m a g n i f i c a t i o n s  on t h e  o r d e r  of 100 to  

l o w  l i g h t  l e v e l s  by t h i s  e f f e c t .  

The d i a m e t e r  of  t h e  p u p i l  o f  t h e  eye ,  p ,  a p p e a r i n g  i n  e q u a t i o n s  (11) and  

3 ( 1 2 )  is a f u n c t i o n  o f  t h e  b r i g h t n e s s  l e v e l  ( F i g u r e  1 2 ) .  Fol lowing  Dole , 

7 
C. S. H a s t i n g s ,  "Telescope  Oculars , "  Amateur Te le scope  Making, Book One , 
S c i e n t i f i c  American, 1955. 

1 

2- 18 
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we may rewrite e q u a t i o n  ( 1 2 )  as 

( 1 4 )  b, p2 = t d 2  b 

and e q u a t i o n  (11) as  

S e t t i n g  t = 0.8 and M = 16  D ( i n c h e s ) ,  d = 1 /16  inch  = 0.15875 cm, and 

( 16) b, p2 = 0.02015 b .  

Noting t h a t ,  a c c o r d i n g  t o  Tousey and Hu lbur t6 ,  a t  t h e  t h r e s h o l d  a s ta r  can 

o n l y  be found w i t h  d i f f i c u l t y ,  w h i l e  from 2.5 t o  5 times t h e  t h r e s h o l d  i t  

i s  o n l y  moderately ha rd  t o  f i n d ,  w e  w i l l  s o l v e  f o r  3 i,, 

The d i a m e t e r  of t h e  seeing d i s k  i s  t aken  as  3 seconds of a rc .  The a p p a r e n t  

d i a m e t e r  of t h e  d i s k  i s  t h u s  

(18) 6, = M 

= 0.8 D 

where D i s  measured i n  inches .  

F i g u r e  13 i n d i c a t e s  t h e  l i m i t i n g  magnitudes of  v a r i o u s  v i s u a l  i n s t r u m e n t s  

as n f u n c t i o n  of  background b r i g h t n e s s ,  assuming t h e  above c o n d i t i o n s .  For 

pu rposes  of ready r e f e r e n c e ,  t h e  r ange  t o  a s i n g l e  module, u s i n g  

r e f l e c t i v i t y  cu rve  of F i g u r e  7 ,  h a s  a l so  been i n d i c a t e d .  The 1 

IIBowen's L , i m i t "  r e f e r s  t o  the  e q u a t i o n :  

* 
t h e  30% 

ne l a b e  

* 
It shou ld  be  noted t h a t  no c o r r e c t i o n  h a s  been assumed f o r  e x t i n c t i o n .  

2-20  
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(19 )  M = 9.46 + 5 l o g  D ,  

where D is  t h e  a p e r t u r e  i n  inches .  For t h e  c o n d i t i o n s  of  t h e  problem 

( M a  16 D i n c h e s ) ,  t h i s  s a t i s f i e s  Bowen's equa t ion .  

( 2 0 )  M = 6 . 5 2  + 2.5  log D + 2.5 log M, 

which h a s  been e m p i r i c a l l y  found t o  r e p r e s e n t  t h e  l i m i t i n g  v i s u a l  magni tude ' 

a g a i n s t  a da rk  sky of  t e l e s c o p e s  less t h a n  60 i n c h e s  i n  a p e r t u r e  ove r  a 

wide  r a n g e  o f  magni fy ing  powers,  p rovided  t h e  magnif i c a t i o n  is s u f f i c i e n t l y  

small so t h a t  t h e  image d i ame te r  i s  n o t  impor t an t .  a 

An i n s p e c t i o n  o f  F i g u r e  13 r e v e a l s  t h e  f o l l o w i n g  p o i n t s  o f  i n t e r e s t :  

1. For a background b r i g h t n e s s  e q u i v a l e n t  to  t h e  mean 

b r i g h t n e s s  of t h e  f u l l  moon ( 

c m - 2 ) ,  l i t t l e  o r  no g a i n  i n  l i m i t i n g  magnitude is 

ach ieved  by i n c r e a s i n g  t h e  a p e r t u r e  above 20 i n c h e s  

d i ame te r .  Under t h e s e  c o n d i t i o n s ,  t h e  l i m i t i n g  

magnitude is approximate ly  6 . 2 ,  o r  a b o u t  1.3 x 10 

b r i g h t e r  t h a n  a s i n g l e  30% r e f l e c t i v e  module a t  t h e  

2.5  x 10-1 c a n d l e  
t 

4 

. d i s t a n c e  of t h e  moon. 

2. For a background b r i g h t n e s s  e q u i v a l e n t  t o  t h e  mean 

b r i g h t n e s s  of t h e  q u a r t e r  moon ( 5 . 5  x c a n d l e  

~ r n ' ~ ) ,  t h e  "optimum" a p e r t u r e  is a b o u t  30 i n c h e s  

8 
I. S .  Bowen, P u b l i c a t i o n s  of  t h e  Ast ronomica l  S o c i e t y  of  t h e  P a c i f i c ,  
5 9 ,  2 5 3 ,  1947. 
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d i a m e t e r ,  and the  l i m i t i n g  magnitude i s  abou t  

8 .2 ,  some 1.6 x 10 3 b r i g h t e r  t han  a s i n g l e  module 

a t  t h e  d i s t a n c e  of t h e  moon. 

3. For a background b r i g h t e s s  of 5 x c a n d l e  c m - 2 ,  

co r r e spond ing  t o  t h e  a u r e o l e  0 . 3  d e g r e e  from t h e  

f u l l  moon, l i t t l e  g a i n  can be expec ted  beyond a 

50 inch  a p e r t u r e  and a l i m i t i n g  magnitude of  abou t  

14.5, some 6 times b r i g h t e r  t h a n  t h a t  o f  a s i n g l e  

module a t  t h e  range  of  t h e  moon. 

4. For a background b r i g h t n e s s  o f  3 x lo-’ c a n d l e  

co r re spond ing  t o  t h e  a u r e o l e  0.8 d e g r e e  from 

t h e  q u a r t e r  moon, a 60 i n c h  t e l e s c o p e  would a l l o w  

us t o  d e t e c t  a s i n g l e  module. 

These  r e s u l t s  are n e c e s s a r i l y  t e n t a t i v e ,  and  n e g l e c t  e x t i n c t i o n ,  which 

f o r  modera te  z e n i t h  d i s t a n c e s  would d e c r e a s e  t h e  e f f e c t i v e  r ange  by a 

f a c t o r  of 1 / 2  and  i n c r e a s e  t h e  amount o f  l i g h t  r e q u i r e d  for d e t e c t i o n  by 

a f a c t o r  of 1.4 

b. Photopraphy 

The g r a n u l a r  n a t u r e  o f  t h e  photographic  emuls ion  p l a c e s  a l i m i t  upon t h e  

f a i n t e s t  image d e t e c t a b l e  a g a i n s t  a background. I n  o r d e r  t o  i n s u r e  t h a t  

t h e  image i s  d i s t i n g u i s h a b l e  from t h e  p o i n t - t o - p o i n t  f l u c t u a t i o n s  o f  t h e  

background,  the.number of  g r a i n s  r e q u i r e d  i n  t h e  imsge due t o  t h e  source 

t o  be  d e t e c t e d  should  exceed t h e  RMS f l u c t u a t i o n  of t h e  background w i t h i n  

t h e  image a r e a  by a c o e f f i c i e n t  of  c e r t a i n t y ,  t h a t - i s ,  
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where S i s  t h e  number of g r a i n s  i n  t h e  image due t o  t h e  s o u r c e  and i s  

t h e  a v e r a g e  number of  g r a i n s  per  image area. The c o e f f i c i e n t  of c e r t a i n t y ,  

' k, m u s t  be  equa l  or g r e a t e r  than  5 i f ,  w i t h i n  an a r e a  of t h e  s i z e  t y p i -  

c a l l y  covered by a n  a s t ronomica l  photograph ,  none of t h e  n o i s e  peaks  is 

t o  be confused w i t h  f a i n t  images. 

P roceed ing  from such a t h r e s h o l d  c r i t e r i o n ,  Baum, ', lo h a s  shown t h a t ,  f o r  

a n  u n s a t u r a t e d  exposure ,  the  t h r e s h o l d  magnitude i s  g iven  by 

(22 )  - 2.5 log lo^- 2.5 l o g  k sky 10 m =  Constan t  + 0.5m 

. + 1.25 loglo (D2 qT) - 1.25 loglo ( l ' +  R), ' 

where 

o < =  Angula r  d i ame te r  o f  t h e  s t e l l a r  image o r  of 
an  image e l emen t ,  

q = , A v e r a g e  e f f e c t i v e  quantum e f f i c i e n c y ,  

T = E f f e c t i v e  i n t e g r a t i o n  t i m e ,  

and R = R a t i o  of in s t rumen t  background t o  sky 
backgroilnd. 

The c o n s t a n t  a c c o u n t s  f o r  t h e  conve r s ion  of u n i t s  ( f rom t h e  a v e r a g e  number 

of e l i g i b l e  photons s e c  

o f  t h e  sky background t o  t h e  magnitude of t h e  sky ,  msky, pe r  u n i t  s o l i d  

a n g l e ) .  

-1 r e c e i v e d  pe r  u n i t  area from a u n i t  s o l i d  a n g l e  ' 

9 
W. A. Baum, "The De tec t ion  of F a i n t  Images Agains t  t h e  Sky Background", 
T r a n s a c t i o n s  of  t h e  I n t e r n a t i o n a l  Astronomical  Union, 9 ,  681, 1955. 

W .  A. Baum, "The Detec t ion  and Measurement of F a i n t  Astronomical  Sources" ,  
i n  Astronomical  Techniques (W. A. H i l t n e r ,  e d i t o r ) ,  U n i v e r s i t y  o f  Chicago 
P r e s s ,  1962. 

10 
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Equat ion  ( 2 2 )  a p p l i e s  t o  p h o t o e l e c t r i c ,  v i s u a l ,  and pho tograph ic  obse rva -  

t i o n s *  provided  s a t u r a t i o n  does n o t  occur .  

out ,  e q u a t i o n  ( 2 0 )  is b u t  a s p e c i a l . c a s e  bf t h i s  e x p r e s s i o n .  Xf eve ry -  

t h i n g  else is h e l d  c o n s t a n t ,  e q u a t i o n  ( 2 2 )  i n d i c a t e s  t h a t  t h e  t h r e s h o l d  

magnitude w i l l  be  dec reased  by one magnitude i f  t h e  sky becomes two magni- 

t u d e s  b r i g h t e r  or i f  t h e  image d iame te r  i n c r e a s e s  by a f a c t o r  of 2.512. 

Indeed ,  a s  Baum h a s  p o i n t e d  

10 

When the d e t e c t o r  becomes s a t u r a t e d ,  as is more o f t e n  t h e  case photograph-  

i c a l l y *  the r e l e v a n t  e q u a t i o n  is 

m e  

and 

f = f o c a l  l e n g t h  of t h e  system 

E = maximum number o f  s t a t i s t i c a l l y  e f f e c t i v e  

pho to -even t s  t h a t  can  p o p u l a t e  a u n i t  area 

a t  t h e  focus .  

. 

In t h i s  e v e n t ,  t h e  l i m i t i n g  magnitude v a r i e s  d i r e c t l y  as t h e  sky back- 

ground.  

the i n t e g r a t i o n  time, and  t h e  quantum e f f i c i e n c y  of t h e  d e t e c t o r  do n o t  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  a p e r t u r e  o f  t h e  t e l e s c o p e ,  

appea r  in e q u a t i o n  (23 ) ,  p rov ided ,  of c o u r s e ,  t h a t  s ta t i s t ica l  s a t u r a t i o n  

is r eached  ( t h e  r e q u i r e d  i n t e g r a t i o n  t i m e  does ,  of c o u r s e ,  depend on t h e  

a p e r t u r e  and t h e  quantum e f f i c i e n c y ) .  
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The photographic  image of  a d i s t a n t  p o i n t  is degraded by a number of  

e f f e c t s ,  Even i f  t h e  o p t i c a l  sys t em is  p e r f e c t ,  t h e  a n g u l a r  d i ame te r  of 

che s m a l l e s t  image is approximate ly  . 

where S i s  t h e  a n g u l a r  d i ame te r  o f  t h e  s e e i n g  d i s k ,  

of t h e  expos ing  l i g h t ,  A i s  a c h a r a c t e r i s t i c  of t h e  emuls ion ,  and f i s  t h e  

x i s  t h e  wavelength 

f o c a l  l e n g t h  of t h e  t e l e s c o p e .  

seconds of a r c  and 5000 A. 

Reasonable  v a l u e s  of S and A are t h r e e  
0 .  

Thus,  even f o r  a 10 c m  o b j e c t i v e  t h e  d i f f r a c -  

t i o n  term ( 1 . 2 X / D )  is s m a l l  compared t o  t h e  s e e i n g .  The v a l u e  o f  A v a r i e s  

from emulsion t o  emuls ion ,  and i s  dependent  on the wavelength  of the ex- 

pos ing  l i g h t  and t h e  d e n s i t y  of t h e  image. For f a s t  b l u e  s e n s i t i v e  emul- 

s i o n s ,  such as would probably  be  used ,  and for t h r e s h o l d  images,  A i s  on 

t h e  o r d e r  of 20 t o  30 microns.  Thus,  f o r  t e l e s c o p e s  w i t h  f o c a l  l e n g t h s  
1 

less than  one or two meters, Adominates ,  and e q u a t i o n  ( 2 3 )  may be w r i t t e n :  

+ 5'log10 f + 1.25 loglo E - , 2 . 5  l o g l o  '(1 + R). 

For longe r  f o c a l  l e n g t h s ,  S dominates ,  and may be  s u b s t i t u t e d  d i r e c t l y  i n t o  

e q u a t i o n  ( 2 3 ) .  When n e a r  t h e  l i m i t  p h o t o g r a p h i c a l l y ,  R i s  small and may 

be n e g l e c t e d .  

F i g u r e  14 d i s p l a y s  c u r v e s  of e q u a t i o n s  (23) and ( 2 5 )  f o r . A =  25p, S = 3 

seconds of arc, E = 5 x 10 6 g r a i n s  c m  - 2  , and k = 5. The magnitudes 
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i n d i c a t e d  on t h i s  f i g u r e  a r e  p h o t o g r a p h i c ,  and i n  i n t e r p r e t i n g  them i n  terms 

of  S e c t i o n s  2 . 1  and 2 . 2 ,  a l l owance  m u s t  be made f o r  t h e  c o l o r s  of t h e  

v a r i o u s  s o u r c e s .  The s u n ,  f o r  i n s t a n c e ,  i s  a b o u t  0.4 magnitude f a i n t e r  

on t h e  pho tograph ic  s c a l e  than i t  i s . o n  t h e  v i s u a l .  T h i s  f a c t  is u s u a l l y  

e x p r e s s e d  by s a y i n g  t h e  sun h a s  a c o l o r  i ndex  of +0.4 magnitude.  The 

moon and t h e  n i g h t  sky have c o l o r  i n d i c e s  of +0.8 magnitude,  as  d o e s  t h e  

moon's a u r e o l e  a t  t h e  limb of t h e  moon. A t  a d i s t a n c e  of  1 5 O  from t h e  

limb o f  t h e  moon, however, the a u r e o l e  i s  b l u e r ,  hav ing  a c o l o r  i n d e x  of 

perhaps  +0.5. A p e r f e c t l y  wh i t e  target  i l l u m i n a t e d  by t h e  sun would have 

a c o l o r  i ndex  of +0.4 magnitude. Thus,  the pho tograph ic  magnitude of such 

a target  would be 6.4 magnitude g r e a t e r  t han  t h e  v i s u a l  magni tude.  

color i n d e x  of  +0.5 h a s  been assumed i n  t h e  c o n s t r u c t i o n  of t h e  r a n g e  t o  

a s i n g l e  module scale of F i g u r e  14,  which r e f e r s  t o  a 309. r e f l e c t i n g  t a r -  

get.  Atmospheric a b s o r p t i o n  h a s  a g a i n  been n e g l e c t e d .  Thus ,  t h e  r a n g e s  

may b e  d e c r e a s e d  by a f a c t o r  of up t o  1 / 4 ,  and t h e  amount o f  l i g h t  re- 

q u i r e d  f o r  d e t e c t i o n  may be  i n c r e a s e d  by a f a c t o r  of  2 ( 0 . 8  magnitude)  a t  

a z e n i t h  d i s t a n c e  of 60'. 

A 

An i n s p e c t i o n  of F i g u r e  14  r e v e a l s  t h e  f o l l o w i n g  p o i n t s  of i n t e r e s t :  

1. For a background b r i g h t n e s s  e q u i v a l e n t  t o . t h e  mean 

b r i g h t n e s s  of t h e  f u l l  moon (2.5 x lo- '  c a n d l e  = 

3 . 7  mv second 
- 2  of a r c  = 4.5 m second-* of a r c  f o r  

Pg 

-1 

a c o l o r  i n d e x  of +0.8), t h e  d e t e c t i o n  of a s i n g l e  

module at: t h e  d i s t a n c e  of  t h e  moon would r e q u i r e  a 

f a n t a s t i c  focal.  l e n g t h  (on t h e  o r d e r  of 2 x l o6  meters). 
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For o reosonal)ly lni .~:ca Coca1 l e n g t h ,  say 15 meters, * 

tho- l i m i t i n g  i ~ ~ ; i p t t i i ~ i ~ ~  i s  some 1 2 . 8  magn i tudes ,  o r  

a f a c t o r  o f  1.3 x L O ’ ,  t o o  I>t- ight .  

2 .  For a bnckground 1hi-ij:htnc:ss c q u i v a l e n t  t o  t h e  mean 

b r i g h t n e s s  o f  thc2 q i i ; i r t C r  moon (5.5 x c a n d l e  

- 2  c m - 2  = 5.4 m,, of a rc  = 6.2 m second 

of a rc  f o r  a C . I .  of + 0 . 8 ) ,  t h e  r e q u i r e d  f o c n l  l e n g t h  

6 i s  on t h e  o r d e r  of  4 x 10 m e t e r s ,  s t i l l  much t o o  

l a r g e  f o r  p r a c t i c a l  c o n s i d e r a t i o n ,  w h i l e  f o r  a 15- 

meter f o c a l  l e n g t h ,  the l i m i t i n g  magnitude i s  10.9 

P6 

m;sgnitudes o r  2.2 x lo4  t imes  t o o  b r i g h t  t o  d e t e c t  

a s i n g l e  module on t h e  moon. 

3 .  For a background b r i g h t n e s s  of 5 x c a n d l e  

cm’2 (16 .2  m second-2 of a r c  f o r  a C.I. of +0.8), 
Pg 

c o r r e s p o n d i n g  t o  t h e  a u r e o l e  0.3 d e g r e e  from t h e  

f u l l  moon, a s i n g l e  module, a t  t h e  d i s t a n c e  of t h e  

moon can be  d e t e c t e d  w i t h  a t e l e s c o p e  of  f o c a l  

l e n g t h  39 meters. A 15-meter f o c a l  l e n g t h  i n s t r u -  

ment f a l l s  0.9 magnitude s h o r t  of  d e t e c t i n g  t h e  

. t a r g e t .  

4. For a background b r i g h t n e s s  of  3 x lo-’ c a n d l e  

(=19.3 mpg seconds-2 o f  a r c  f o r  a C.I. of + 0 . 8 ) ,  

c o r r e s p o n d i n g  t o  t h e  a u r e o l e  0.8 d e g r e e  from t h e  

q u a r t e r  moon, a s i n g l e  module a t  t h e  d i s t a n c e  o f  
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t h i: i110 o n c o u 1 cl t )  t h  d c t c c t c'd 1'11 o tog r p 1 I i c: 1 1 1 y w i t h 

So f a r  w e  have i n v c s t i K a t c d  o i i l y  t h e  q u e s t i o n  of whether  o r  no t  a t e l e -  

scope of a p r n c t i c ; i l  i ( > c n i  l e n g t h  could photograph a g iven  t a r g e t  a g a i n s t  

a g i v e n  background. I t  rcmoins t o  b r  seen whether  o r  n o t  t h e  l i m i t i n g  

magnitudes could be reached i n  a r e a s o n a b l e  time w i t h  a r e a s o n a b l e  a p e r -  . 

t u r e .  T h i s  i n v o l v e s  a c o n s i d e r a t i o n  of t h e  quantum e f f i c i e n c y  of  t h e  

d e t e c t o r ,  and i t  i s ,  t h e r c f o r c ,  n e c e s s a r y  t o  c o n v e r t  magni tudes i n t o  

photons p e r  second pe r  u n i t  area of a p e r t u r e .  

Making u s e  of t h e  fAct  t h a t  a s t a r  of  rnv = +0 .8  i s  e q u i v a l e n t  t o  a u n i t  

c a n d l e  power s o u r c e  a t  1 k m ,  o r  t h a t  a s t a r  of  z e r o  v i s u a l  magni tude i s  

e q u i v a l e n t  t o  a 2.08 cand le  power s o u r c e  a t  1 km, one  may r e a d i l y  c a l c u -  

l a t e  t h a t  a z e r o  magnitude s t a r  i s  e q u i v a l e n t  t o  a n  i l l u m i n a n c e  of 2.08 

x 10-l '  lumen cm- . 
( 5550 A I ,  t h e  mechanical  e q u i v a l e n t  of  l i g h t  i s  685 lumen/watt ,  and 

2 A t  t h e  maximum of  t h e  v i s u a l  l u m i n o s i t y  c u r v e  
0 

t h u s  a z e r o  v i s u a l  magnitude s t a r  i s  e q u i v a l e n t  t o  a n  i l l u m i n a n c e  of 

3 . 0 4  x 

c u r v e  i s  1070 A. Thus,  t h e  i l l u m i n a t i o n  of t h e  o p t i c a l  system a t  A =  

5550 A by a s:ar of z e r o  a p p a r e n t  magni tude i s  approx ima te ly  2.84 x 10 

watt  cm-2. The e q u i v a l e n t  w i d t h  of t h e  v i s u a l  l u m i n o s i t y  
.o 

r 
0 - 16 

-2  O w a t t  c m  A ' ?  The ene rgy ,  i n  j o u l e s ,  of  a photon of wave leng th  X i s  

g i v e n  by E = hv = h c / l ,  wnich a t  1 = 5550 

Thus ,  z t  5550 :i, a s ta r  of z e r o  magnitude i s  e q u i v a l e n t  t o  7.94 x 10 

photons '  second cm A\- 1. 

i s  3.58 x j o u l e / p h o t o n .  
0 2 

-1  - 2  

0 F i g u r e  15 i n d i c a t e s  the photon f l u x  from a 6000 K z e r o  magnitude b l a c k -  

body , approx ima t ing  t h e  s u n ' s  t empcra tu re .  'The p h o t o g r a p h i c  magnitude of 

2- 30 
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such  a ' b o d y  i s  approximately +0.4.  T h i s  r t f e r s  t o  A t e l e s c o p e - k m u l s i o n  

combinat ion w i t h  A maximum s e n s i t i v i t y  a t  abou t  4600 A and a n  e q u i v a l e n t  

w i d t h  of abou t  1290 A .  From F i g u r e  15 t h e  photon f l u x  a t  4600 A r e c e i v e d  

0 

0 0 

-1 - 2  from a 0.4 m source  is about  670 photons second c m  )I-', o r  a b o u t  

8.65 x 10 are  a v a i l a b l e  f o r  expos ing  t h e  photo-  

Pg 
5 - 2  photons second-' c m  

g r a p h i c  p l a t e .  

A s i n g l e  30% r e f l e c t i n g  module a t  t h e  d i s t a n c e  of  t h e  moon i s  of t h e  1 7 t h  

p h o t o g r a p h i c  magnitude. For t h e  pho tograph ic  s y s t e m  so f a r  c o n s i d e r e d ,  

w e  t h e r e f o r e  r e c e i v e  abou t  2 x 10 photons second c m  . From t h e  sky 
-1 - 1  - 2  

c o n s i d e r e d  i n  example 4 above ( 1 9 . 3  m p e r  s q u a r e  second of  a r c )  w e  re- 

c e i v e  abou t  2.4  x photons second cm p e r  s q u a r e  second of a rc .  

Pg 
-1 - 2  

For a t e l e s c o p e  w i t h  a f o c a l  l e n g t h  greater than  1.67 meters, t h e  image 

of t h e  module sub tends  3 seconds of a r c ,  o r  abou t  7 s q u a r e  seconds  of arc .  

, I n  such a case, t h e  'sky background c o n t r i b u t e s  1.7 x 10-1 pho tons  second- '  

- 2  c m  . 

The t o t a l  number of pho toeven t s  due t o  t h e  s ta r  w i l l  b e  

( 2 6 )  S = nAqt 

where n i s  t h e  number o f  a v a i l a b l e  p h o t o n s ,  A is  t h e  area o f  t h e  a p e r t u r e ,  

q is t h e  quantum e f f i c i e n c y ,  and t i s  t h e  exposure  t i m e .  S i m i l a r l y ,  t h e  

number of g r a i n s  due t o  t h e  background i s  

where N i s  t h e  number of a v a i l a b l e  background photons f o r  t h e  s o l i d  a n g l e  

2 - 3 2  
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subtended  by t h e  t a r g e t  and 6 i s  t h e  i n h e r e n t  background f o g  o v e r  t h e  

same s o l i d  a n g l e .  Obvious ly ,  B depends on t h e  f o c a l  l e n g t h .  Equat ion  

( 2 1 )  may then  be r e w r i t t e n  

( 2 8 )  nAqt = k (NAqt + 0) '  

The v a l u e  of q f o r  a g i v e n  photographic  emuls ion  varies w i t h  t h e  exposed 

d e n s i t y  of  t h e  emulsion.  Astronomical  e x p e r i e n c e  i n d i c a t e s  t h a t  a value 

of 0.002 i s  r e a l i s t i c  f o r  f u l l  exposures  w i t h  f a s t  e m u l s i o n s .  Wjthin a 

25.p Image, such as w e  would encounter  w i t h  a matched sys tem of  f = 1.67 

meters, perhaps  25 g r a i n s  a r e  due  t o  chemical  f o g .  Then d e t e c t i o n  r e q u i r e s  

f '4  x A t  = 5 ( 3 . 4  x A t  + 25)  

where A i s  i n  c m - 2  and t i s  i n  seconds .  Thus ,  A t  ==: 9.4 x 10s cm2 seconds.  

For  r e a s o n a b l e  f / r a t i o s ,  t h e  a p e r t u r e  o f  a 1.67 meter f . 1 .  objec t ive  would 

3 2  n o t  exceed 1 meter,  o r  A 5 7.8 x 10 c m  . Thus t 2 120 s e c o n d s ,  a n o t  

un reasonab le  exposure  t i m e ,  

It t h e n  a p p e a r s  p o s s i b l e  t o  photograph a s i n g l e  module i n  t h e  v i c i n i t y  of  

t h e  moon w i t h  a f a i r l y  large a p e r t u r e  i n  a r e a s o n a b l y  s h o r t  t i m e .  T h i s  

of course presupposes  t h a t  t h e  motion of t h e  module can be compensated 

for. I f  t h e  module were s u f f i c i e n t l y  b r i g h t ,  t h e n  photography o f  t h e  

module under  more a d v e r s e  background i l l u m i n a t i o n  c o n d i t i o n s ,  as  f o r  i n -  

s t a n c e ,  a g a i n s t  t h e  fu l lmoon,  also becomes r e a s o n a b l e .  A more d e t a i l e d  

a n a l y s i s  i s  r e q u i r e d  to s p e c i f y  e x a c t  exposure  times r e q u i r e d .  
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c .  T e l e v i s i o n  Tecl iniquts  

The photocnthode of  a n  i m g ?  tube may be  though t  of  as  a mosa ic ' o f  r e s o -  

l u t i o n  e l e m e n t s  i n  a manner nnrilogous t o  t h e  p rocedures  used i n  t r e a t i n g  

t h e  pho tograph ic  emulsion.  T h u s ,  f o r  t h e  u n s a t u r a t e d  case, e q u a t i o n  (22) 

a p p l i e s ,  w h i l e  t h e  s a t u r a t e d  c a s e ,  r e p r e s e n t i n g  t h e  u l t i m a t e  t h r e s h o l d  of  

t h e  system, i s  d e s c r i b e d  by equa t ion  ( 2 3 ) .  

T h r e e  b a s i c  t y p e s  of t e l e v i s i o n  t u b e s  a re  a v a i l a b l e  commercial ly:  t h e  

C.P.S. Emitron ( o r  O r t h i c o n ) ,  t h e  Image O r t h i c o n ,  and t h e  Vidicon.  The 

modes of  o p e r a t i o n  and d i f f e r e n c e s  between t h e s e  d e v i c e s  are beyond t h e  

scope of  t h i s  r e p o r t .  R e s u l t s  of  v a r i o u s  i n v e s t i g a t i o n s  11, l 2  tend t o  

r u l e  o u t  p r e s e n t  day Emitrons and Vid icons  and f a v o r  t h e  newer,  improved 

Image O r t h i c o n s  f o r  a p p l i c a t i o n s  of  t h e  t y p e  b e i n g  c o n s i d e r e d .  

As h a s  been mentioned p r e v i o u s l y ,  t h e  e f f e c t i v e  quantum e f f i c i e n c y  of R 

p h o t o g r a p h i c  emulsion i s  abou t  0.2% f o r  background l i m i t e d  exposures .  

Under similar c o n d i t i o n s ,  t h e  quantum e f f i c i e n c y  of  a photocathode may be  

on t h e  o r d e r  of 10%. Thus,  i f  subsequen t  d e g r a d a t i o n  o f  t h e  s i g n a l  is 

i g n o r e d ,  . t h e  fundamental  quantum advan tage  of  a photocathode o v e r  photo-  

g r a p h i c  emulsion may be  a s  l a r g e  as a f a c t o r  of 50. U n f o r t u n a t e l y ,  how- 

e v e r ,  merely i n c r e a s i n g  the quantum e f f i c i e n c y  a l o n e  d o e s  n o t  g a i n  u s  any-  

t h i n g  as f a r ' a s  the l i m i t  of  d e t e c t i o n  i s  conce rned ,  a l t h o u g h  o f  c o u r s e ,  

11 
J. D. McGee, "Image D e t e c t i o n  by T e l e v i s i o n  S i g n a l  Gene ra t ion" ,  i n  
As t ronomica l  Techn iques ,  (W. A. H i l t n e r ,  e d i t o r ) ,  U n i v e r s i t y  of Chicago 
P r e s s ,  1962 

R. K .  H .  Gebel ,  L i m i t a t i o n s  i n  D e t e c t i o n  of Celes t ia l  Bodies  Employing 
E l e c t r o n i c a l l y  Scanned Pho to -conduc t ive  Image D e t e c t o r s ,  ARL 153, Aero- 
n a u t i c a l  Research Labora to ry ,  O f f i c e  o f  Aerospace Resea rch ,  U.S.A.F., 
W r i g h t - P a t t e r s o n  A i r  Fo rce  Base, Ohio. 

--... 12 
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i t  w i l l  a l l o w  US t o  reach  t h e  l i m i t  w i t h  a s h o r t e r  exposure  f o r  & g i v e n  

a p e r t u r e .  

Unl ike  t h e  case of  t h e  photographic  emuls ion ,  t h e  i n h e r e n t  n o i s e  of a n  

image o r t h i c o n  becomes impor tan t .  To  be p r i m a r i l y  cons ide red  i s  t h e  e l ec -  

t r o n  n o i s e  i n h e r e n t  i n  t h e  scanning  beam. A s  t h e  o u t p u t  s i g n a l  of t h e  

t u b e  is such t h a t  t h e  maximum c u r r e n t  r e f e r s  t o  t h e  f a i n t e s t  s i g n a l ,  t h e  

s i t u a t i o n  i s  un favorab le  from t h e  s t a n d p o i n t  o f  quantum s t a t i s t i c s .  A s  

l a t e  as 1955, i t  was e s t ima ted13  t h a t  t h e  i n i t i a l  p h o t o e l e c t r o n  f l u x  of  

a n  o r t h i c o n  needs  t o  b e  m u l t i p l i e d  by a f a c t o r  of  200 t o  300 i n  a re la-  

t i v e l y  n o i s e - f r e e  way b e f o r e  i t  i s  r e a d  by t h e  e l e c t r o n  beam, i f  t h e  

fundamental  t h r e s h o l d  s e t  by p h o t o e l e c t r o n  s t a t i s t i c s  i s  t o  b e  m e t .  Later 

t u b e s ,  and p a r t i c u l a r l y  the i n t e n s i f i e r  o r t h i c o n ,  have  improved t h i s  

s i t u a t i o n .  

1 4  Gebel h a s  employed a two-s tage  i n t e n s i f i e r  hav ing  a pr imary a m p l i f i c a -  

t i o n  of  100,  which i n  a d i f f r a c t i o n  l i m i t e d  matched system ( i . e . ,  A 

1.2  A f / D )  i s  day sky background l i m i t e d ,  t h e  r a t io  of  s cann ing  n o i s e  t o  

background n o i s e  b e i n g  a b o u t  1/4.  The performance of t h i s  sys tem u s i n g  a 

10- inch  t e l e s c o p e  and a 1 second i n t e g r a t i o n ' t i m e ,  as  p r e d i c t e d  by Gebel ,  

for k = 1 is  such t h a t  an 11 .6 th  magnitude ob jec t  should  be d e t e c t a b l e  

a g a i n s t  a d a y l i g h t  sky. For  k = 5 and f o r  a 3 second of  arc  s e e i n g  d i s k ,  

13 
G .  A.  Morton, " Informat ion  S t o r a g e  and I n t e g r a t i o n  Applied t o  Low- 
Con t ra s t .As t ronomica1  Images", T r a n s a c t i o n s  of  t h e  I n t e r n a t i o n a l  Astro- 

-nomica1 Unior ,  9 ,  676, 1955. 
1q 

R .  K .  H .  Gebel ,  Daytime D e t e c t i o n  of Celestial  Bodies  Using t h e  I n t e n -  
s i f i e r  Image O r t h i c o n ,  WADC TN 5 8 - 3 2 4 ,  Wright  A i r  Development C e n t e r ,  
195 8. 
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a s  w e  have been assuming i n  t he  p r v v i o u s  exarriplcs, t h i s  1imiLing magnitude 

i s  reduced  t o  a b o u t  magni tude 8.  One mI.ght then  n a i v e l y  SlJppOSe t h a t  by 

i , i c r e a s i n q  t h e  magnitude of t h e  bnckground by AM, one i n c r e a s e s  t h e  l i m i t -  

i n g  magnitude by e i t h e r  0.5 AM o r  A M ,  depending on whether  s n t u r a t i o n  i s  

reached  o r  n o t .  However, one  must n o t e  t h a t  as t h e  background is d e c r e a s e d ,  

t h e  r a t io  of n o i s e  due  t o  the scanning  beam i n c r e a s e s  and the l a t t e r  e v e n t -  

u a l l y  becomes t h e  l i m i t i n g  n o i s e .  A s  t h e  r a t i o  of  background n o i s e  t o  

scann ing  n o i s e  i s ,  a c c o r d i n g  t o  Gebel ,  b u t  4 f o r  dayt ime o p e r a t i o n ,  t h i s  

p a r t i c u l a r  system should  become s c e n n i n g  n o i s e  l i m i t e d  when t h e  background 

has dec reased  t o  a b o u t  1 /16  i t s  dayt ime v a l u e ,  or by 3 magni tudes .  For a 

n o n - s a t u r a t e d  sys tem,  t h i s  cor responds  to a l i m i t i n g  magnitude of 9.5,  for  

a 1-second exposure  w i t h  a 10- inch  t e l e s c o p e  under  the .  above c o n d i t i o n s ,  

no matter how f a i n t  t h e  sky becomes. T h i s  limit may, of c o u r s e ,  be a l -  

t e r e d  by changing t h e  sys tem pa rame te r s  D ,  f ,  a n d / o r  t .  

As ide  from the l i m i t a t i o n  produced by t h e  n o i s e  d u e  t o  t h e  mechanism of a n  

o r t h i c o n ,  a t t e n t i o n  must a l s o  be p a i d  t o  t h e  r e s o l u t i o n  of t h e s e  d e v i c e s ,  

which i s  c o n s i d e r a b l y  poore r  than t h a t  found i n  pho tograph ic  emuls ions .  

Manufac tu re r ’ s  d a t a  i n d i c a t e  r e s o l u t i o n s  on t h e  o r d e r  of 5 t o  10 l i n e  p a i r s  

p e r  mm (10 t o  20 TV l i n e s  p e r  mm) f o r  l o w  l i g h t  l e v e l s  and long  i n t e g r a t i o n  

t i m e s ,  a n  o r d e r  of magnitude poorer  t h a n  t h a t  of pho tograph ic  emuls ions .  

As t h e  i n t e g r a t i o n  t i m e  i s  i n c r e a s e d ,  o r  as  t h e  background l i g h t  l e v e l  i s  

d e c r e a s e d ,  t h e  r e s o l u t i o n  becomes p o o r e r .  T h i s  a l s o  c o m p l i c a t e s  t h e  a p p l i -  

c a t i o n  of e q u a t i o n s  ( 2 2 )  and (23) .  It  may be remarked a t  t h i s  t i m e  t h a t ,  

f o r  t h e  r e c o g n i t i o n  of p a r a l l e l  l i n e  t e s t  t a r g e t s  of 100% c o n t r a s t ,  manu- 

f a c t u r e r s  f i n d  an improvement i n  r e s o l u t i o n  w i t h  l o n g e r  i n t e g r a t i o n  times, 
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a l t h o u g h  a s t r o n o m i c a l  t e s t s  i n d i c a t e  t h e  o p p o s i t e .  I n  c o n n e c t i o n  wi th  

a n o t h e r  p r o j e c t ,  W .  A .  Baum h a s  sul 'plied t h e  d a t a  i n  T a b l e  11, based on 

tests corllucted by t h e  Mount Wilson and Palomar O b s e r v a t o r i e s ,  i n  1959 and 

1960, i n  c o o p e r a t i o n  w i t h  the Smithsonian A s t r o p h y s i c a l  Obse rva to ry ,  

E. R .  D. L .  (U.S. A r m y ) ,  and t h e  P r i n c e t o n  R . C . A .  L a b o r a t o r y .  

Summaries of o t h e r  a s t r o n o n i c a l  t es t s  of image o r t h i c o n s  and o t h e r  image 

t u b e s  may be  found i n  t h e  r e p o r t s  of Subcommission 9a of  t h e  I n t e r n a t i o n a l  

Astronomical  Union. 
15 

TAELE 11 

Values of t h e  R e s o l u t i o n  of Image 
C o n v e r t e r s  as  a Func t ion  of Lnte- 
g r a t i o n  Time When Exposed t o  a 
Moonless Night Sky. * 

Mfr. Data Pa lomar Mfr. Data Pa lomar 

Time a t  F/1.5 a t  F/12 a t  F/1.5- a t  F/12 
I n t e n s .  0 I n t e g r a t i o n  2-52?4 2-5294 C-7403b 

* Assuming o p t i c a l  t r a n s m i s s i o n  of 60% and maximum raster w i d t h  ( 3 6  mm). . 

Scanning ( r e a d i n g )  r a t e s  s t m d a r d  ( 1 / 3 0  s e c . ) .  

R e t u r n i n g  f o r  a mornent t o  t h e  10 - inch  d i f f r a c t i o n  l i m i t e d  matched system 

d i s c u s s e d  above,  i t  i s  i n t e r e s t i n g  to  n o t e  t h a t  a r e s o l u t i o n  of even 10 

l i n e  p a i r s  m m - l  would d i c t a t e  a f o c a l  l e n g t h  of 40 meters, and t h a t  a t  t h i s  

f o c a l . l e n g t h ,  t h e  f i e l d  of v i e w  co r re spond ing  ' t o  a 45 mm d i a m e t e r  

"Report of Sub-commission 9a (Image C o n v e r t e r s )  02 t h e  I n t e r n a t i o n a l  A s t r o -  
nomical  Union, T r c n s a c t i o n s  of t h e  I n t e r n a t i o n a l  Astronomical  Union, 10, 
143,  1958 and :I, 1962. 
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photoca thode  would be o n l y  4 minutes  of a r c  in diaiiiCter., 

T a b l e  111 l i s t s  v a l u e s  of the  1iniitLng v i s u a l  magnitude as n f u n c t i o n  of  

i n t e g r a t i o n  t ime, tis achieved  i n  t h e  Paloeiar t es t s ,  u s i n g  t h e  C a s s e g r a i n i a n  . 

f o c u s  o f  a n  F/12, 20- inch  a p e r t u r e  r e f l e c t o r  a g a i n s t  R moonless d a r k  sky.  

These  v a l u e s  are p l o t t e d  i n  F i g u r e  16, 

TABLE I11 

Thresho ld  Magnitudes of Image Tubes ,  
20- inch f /  1 2  Te le scope  .* 

Thresho l d  Thresho Id Thresho  Id 

mv 9 "v 9 mV 9 

2-5294 Glass T a r g e t  Mg02 T a r g e t  

I n t e g r a t i o n  ( M g 0 2  T a r g e t  I n t e n s i f i e r  I n t e n s i f i e r  
O r t h i c o n  - Time - Image O r t h i c o n )  Or th i con  

0.033 Sec. 
0.067 
0.125 
0.50 
1.0 
4.0 

16.0 

- - - -  
13.5 
14.9 
16.2 

11.9 

12.7 
13.5 
13.9 
l h . 3  
14.5 

- - - -  
12.5 
13.0 

14 .0  
14.3 
14.3 

- - - -  

- - - -  

* Cooled t u b e s  r e a d  a t  normal ra te  (1/30 sec.) a t  end o f  i n t e g r a t i o n  t i m e .  

A number o f  i n t e r e s t i n g  p o i n t s  may be i n f e r r e d  from F i g u r e  16. F i r s t ,  t h e  

f/ r a t i o  of  t h e  t e l e s c o p e  used ( f / 1 2 )  was s u f f i c i e n t  f o r  t h e  i n t e n s i f i e r  

o r t h i c o n s  t o  become sky n o i s e  l i m i t e d ,  as i n  t h e  case of t h e  d a y l i g h t - s k y  

i n s t r u m e n t  p r e v i o u s l y  d i s c u s s e d ,  w h i l e  t h e  image o r t h i c o n  i s  b e i n g  

i n s t r i n s i c a l l y  l i m i t e d .  

t h a t  f o r  t h e  i n t e n s i f i e r s ,  a 6 - f o l d  i n c r e a s e  i n  exposure  t i m e  i s  r e q u i r e d  

T h i s  m R s  be deduced from e q u a t i o n  ( 2 8 1 ,  by n o t i n g  

t o  g a i n  o n e  magnitude,  w h i l e  f o r  t h e  image o r t h i c o n ,  o n l y  a 2 .5- fo ld  
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Fig, 16 Performance of Image T u t e s  AgainsK a Dark Sky 
with 2 0 - i n z h  Ansrture, f 1 1 2 ,  (Data from T a b l e  11) 
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i n c r e a s e  i s  r e q u i r e d .  T h i s  i s  becciusc., i n  t h e  i n t e n s i f i e r  o r t h i c o n ,  a v e r y  

small number of  p r i m a r y  p h o t o e l e c t r o n s  can change t h e  o r t h i c o n  s t o r a g e  

ta rge t  t o  t h e  tlknee." o f  t h e  C h a r a c t e r i s t i c  c u r v e ,  where t h e  s i g n a l  ceases 

to  be p r o p o r t i o n a l  t o  t h e  i n c i d e n t  i l l u m i n a t i o n . *  

r a t i o  may t h e r e f o r e  be determined mainly by t h i s  small number of pr imary 

The s i g n a l - t o - n o i s e  

p h o t o e l e c t r o n s  , which f o r  moderate r e s o l u t i o n  work would be v e r y  small 

even a t  s a t u r a t i o n ,  

even p o o r e r  r e s o l u t i o n s  than  image o r t h i c o n s .  T h i s  a l l o w s  a larger primary 

s i g n a l  p e r  p i c t u r e  e lement  i n c r e a s e  i n  s i g n a l - t o - n o i s e  r a t i o .  

The answer i s ,  of c o u r s e ,  t o  u s e  such  d e v i c e s  a t  11 

S e c o n d l y ,  s a t u r a t i o n  i s  reached i n  t h e  case of t h e  i n t e n s i f i e r  o r t h i c o n s  

a t  abou t  magnitude 14.5. T h i s  seems r e a s o n a b l e  i n  v i e w - o f  t h e  f a c t  t h a t  

a n  i n t e n s i f i e r  o r t h i c o n  a t  maximum r e s o l u t i o n  may have a dynamic r a n g e  of 

t h e  o r d e r  o f  a f a c t o r  o f  10 i n  b r i g h t n e s s  (2.5 magn i tudes ) .  Image o r t h i -  

c o n s ,  on t h e  o t h e r h a n d ,  may cover  a r a n g e  s e v e r a l  times t h i s .  

I t  may be no ted  t h a t ,  f o r  some t u b e s ,  t h e  i n t e g r a t i o n  t i m e  i s  l i m i t e d  by 

t h e  l eakage  of  t h e  cha rge  from t h e  t a r g e t .  

what a k i n  t o  pho tograph ic  r e c i p r o c i t y  f a i l u r e ,  a l t h o u g h  t h e  mechanism i s  

d i f f e r e n t .  For some s t o r a g e  t a r g e t  mater ia ls ,  pronounced image d e t e r i o r a -  

t i o n  o c c u r s  i n  ex t r eme ly  s h o r t  t i m e s .  M 0 i s  a pronounced e x c e p t i o n .  

D e W i t t  h a s  r e p o r t e d  t h a t  w i t h  a cooled image o r t h i c o n  of t h i s  t y p e ,  

T h i s  may be t h o u g h t  o f  as some- 

g 2  
16 

J. H .  D e W i t t ,  LOC c i t  r e f e r e n c e  15, Volume 11. 
16 

--- * 
This i l l u s t r a t e s  pe rhaps  a n o t h e r  fundamental  d i f f e r e n c e  between t h e  

photograph, ic  p r o c e s s  and p h o t o e l e c t r i c  t e c h n i q u e s .  
r e f e r  t o  as t h e  ' l shou lde r "  of t h e  c h a r a c t e r i s t i c  c u r v e ,  e l e c t r o n i c s  eng in -  
eers d e s i g n a t e  t h e  "knee". CasL!al r e s e a r c h  through a large body of  t e x t s  
(numbering s e v e r a l  d i g i t s )  has not  uncovered a similar e l e c t m i c  synonym 
f o r  pho tography ' s ' koe" .  
appea r  i n  agreement .  

T h a t  which pho tographe r s  

On t h i s  I 'or t ion of t h e  anatomy, b o t h  t e c h n o l o g i c s  

2-40 
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i n t e g r a t i o n  tiiws amounting t o  t e n s  of minu tes  ( r a t h e r  t h a n  seconds  or less) ' 

may be achieved  w i t h o u t  Image d e t e r i o r a t i o n .  For s t a n d a r d  g l a s s - t a r g e t  

c r t h l c o n s ,  o p e r a t i o n  a t  l o w  t empera tu re  is r e q u i r e d .  

t i o n  t imes of a few hundred seconds  a r e  p o s s i b l e .  

A t  -75O C ,  i n t eg ra - .  

17  

R e f e r r i n g  a g a i n  to  F i g u r e  16, l e t  u s  c o n s i d e r  t h e  b e h a v i o r  of t h e  image 

o r t h i c o n .  AS h a s  been s t a t e d ,  w e  may i n f e r  from t h e  f i g u r e  t h a t  t h e  o r t h i -  

con i s  l i m i t e d  i n t r i n s i c a l l y .  T h i s  l i m i t a t i o n  i s  imposed by t h e  s h o t  n o i s e  

o f  t h e  s c a n n i n g  beam. S i n c e  t h e  modula t ion  of  t h i s  beam i s  i n e f f i c i e n t ,  

b e i n g  20% a t  most ,  i t  is n e c e s s a r y  t o  p rov ide  a scann ing  beam some 2 t o  10 

times more i n t e n s e  t h a n  the s i g n a l  c u r r e n t  which h a s  charged  t h e  storage 

t a r g e t .  A s  a r e s u l t ,  t h e  beam n o i s e ,  which i s  a maximum i n  t h e  d a r k  areas 

of t h e  p i c t u r e ,  d e c r e a s e s  by o n l y  a b o u t  5 t o  10% i n  t h e  w h i t e  areas, and 

acts  as a s o u r c e  of n o i s e  which i s  r e l a t i v e l y  dependent  of the background 

s i g n a l .  Thus ,  i f  i is the s i g n a l  c u r r e n t ,  t h e  beam c u r r e n t  i s  

where n i s  t h e  modula t ion  f ac to r .  

The r e t u r n  c u r r e n t  i n  t h e  beam is 

and t h e  a s s o c i a t e d  s h o t  n o i s e  is 

where e i s  the e l e c t r o n i c  charge and A f  i s  t h e  bandwidth of  t h e  measuring 

c i r c u i t .  

l7  W. L i v i n g s t o n ,  P u b l i c a t i o n s  of  t h e  Ast ronomica l  S o c i e t y  of t h e  P a c i f i c ,  
69, 390, 1957. 
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The n o i s e  i n  t h e  c u r r e n t  charg ing  t h e  ta rge t  depends upon t h e  number of 

p h o t o e l e c t r o n s  i n v o l v e d ,  and i s  a t  a maximum when t h e  t u b e  is s a t u r a t e d .  

The t echn ique  of c h a r g e  s t o r a g e  i s  a c h a r g e  i n t e g r a t i o n  method, r a t h e r  t h a n  

a c u r r e n t  measuring method, I f  t h e  pr imary p h o t o c u r r e n t  i s  ip t h e  s t a t i s t -  

i c a l  n o i s e  i n h e r e n t  i n  t h e  c h a r g e  is 

where t i s  t h e  i n t e g r a t i o n  time i n v o l v e d  i n  "u i  ing up t h e  charge .  The 

pr imary  p h o t o c u r r e n t  may be a m p l i f i e d  by o n e  o r  more stages o f  m u l t i p l i c a -  

t i o n ,  as i n  t h e  i n t e n s i f i e r  o r t h i c o n ,  and a d d i t i o n a l l y  t h e  secondary  y i e l d  

of t h e  target  p l a t e  must be c c n s i d e r e d .  Assuming t h a t  t h e s e  e f f e c t s  do 

n o t  deg rade  t h e  s i g n a l - t o - n o i s e  performance of t h e  sys tem,  t h e  n o i s e  asso- 

c i a t e d  w i t h  t h e  c h a r g e  a t  t h e  t a r g e t  i s  

9 ( 3 3 )  

where i s  t h e  m u l t i p l i c a t i o n  of t h  

We n o t e  y i e l d  o f  t h e  t a rge t  p l a t e .  

i n t e n s i f i e r  nd S i s  t h e  secondar:  

t h a t  t h e  cha rg ing  c u r r e n t  i i s  

( 3 4 )  i = v ( S - 1 )  i p  . 

The r a t i o  of t h e  two n o i s e  s o u r c e s  i s ,  from e q u a t i o n s  (31) and ( 3 3 )  

(35) i r e t  ( 2 e i r e t  A f  1 

which may be r e w r i t t e n  i n  accordance  w i t h  e q u a t i o n s  ( 2 9 ) ,  (30) and ( 3 4 )  a s  

2 - 4 2  
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For a tube  r e q u i r i n g  exposure t o  a r e l a t i v e l y  l a r g e  l i g h t  l e v e l  t o  r e a c h  

s a t u r a t i o n ,  f a r  from s a t u r a t i o n ,  and w i t h  a l a r g e  bandpass ,  s cann ing  n o i s e  

dominates .  On t h e  o t h e r  hand, background n o i s e  dominates  n e a r  s a t u r a t i o n  

i n  a t u b e  w i t h  a l a r g e  modulat ion f a c t o r ,  h i g h  i n t e n s i f i c a t i o n  g a i n ,  and 

. long  i n t e g r a t i o n  t i m e .  McGee" estimates Chat i - it ~ 1 . 5  f o r  normal 

o p e r a t i o n  of a t y p i c a l  image o r t h i c o n ,  n e a r  s a t u r a t i o n .  AS p o i n t e d  o u t  

above ,  f o r  an i n t e n s i f i e r  o r t h i c o n ,  t h i s  r a t i o  is n e a r  1 / 4 .  

r e t  I 

Because of t h e  h r g e  number of c o m p l i c a t i o n s  involved  i n  a c c u r a t e l y  p r e d i c t -  

i n g  t h e  t h r e s h o l d  of t e l e v i s i o n  sys t ems ,  w e  s h a l l  f o r  t h e  p r e s e n t  n o t  a t -  

tempt such an a n a l y s i s .  Ignor ing  f o r  t h e  moment t h e  e f f e c t s  of i n t e g r a t i o n  

t i m e  and bandwidth,  and  a c c e p t i n g  a f i g u r e  of 0.2 mm as t h e  s i z e  of t h e  

s m a l l e s t  r e s o l v a b l e  e l e m e n t  on t h e  pho toca thode ,  we s h a l l  s o l v e  e q u a t i o n s  

(23) and (25) f o r  a s t a t i s t i c a l l y  s a t u r a t e d  case .  

l e n g t h s  less than  12.4 m e t e r s ,  t h e  r e s o l u t i o n  of t h e  t u b e  domina te s ,  while 

for l onge r  f o c a l  l e n g t h s ,  the 3 s e c o n d - o f - a r c  s e e i n g  d i s k  becomes i m p o r t a n t .  

In t h e  c a s e  of an  image o r t h i c o n ,  abou t  600 primary p h o t o e l e c t r o n s  are re- 

quired foi s a t u r a t i o n ,  c ihi le  for the intensifier o r t h i c o n ,  p e r h a p s  10 t o  

20 are  n e c e s s a r y .  

p h o t o e l e c t r o n s  per  squa re  centirnetex. Figure 17 i n d i c a t e s  t h e  performance 

of 8 number of s a t u r a t e d  image  t u b e s  based OR such a s i m p l i f i e d  model. I t  

may be no ted  t h a t  t h e  l i m i t i n g  magnitudes a c h i e v e d  by TV s y s t e m s  i s  a t  b e s t  

For t e l e s c o p e s  with f o c a l  

4 Thus,  E may be t a k e n  as  between 1.5 x 106 and 2.5 x 10 

only slfghtly f a i n t e r  t h e n  t h a t  found p h o t o g r a p h i c a l l y ,  and i t  may even be 

a few magnitudes poore r .  The i n t e g r a t i o n  t imes  n e c e s s a r y  to r e a c h  t h e  limit 

1 are, of course, much s h o r t e r  with  p h o t o e I e c t r i c  d e v i c e s .  
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d .  Other  D e t e c t o r s  

E q u a t i o n s  (22 )  and ( 2 3 )  may be used t o  d e s c r i b e  t h e  performance o f  o t h e r  

t j e t e c t o r s .  The most impor t an t  of t h e s e  from t h e  s t a n d p o i n t  of t h e  Apollo 

GOSS are i n f r a r e d  d e t e c t o r s ,  A s  p o i n t e d  o u t  i n  t h e  i n t r o d u c t i o n ,  a s e r i o u s  

problem i n  p a s s i v e  o p t i c a l  t r a c k i n g  of t h e  Apollo s p a c e c r a f t  d u r i n g  t h e  

n e a r  e a r t h  o r b i t i n g  phase i s  i n t r o d u c e d  by e c l i p s e s  o f  t h e  s p a c e c r a f t .  

If a t e m p e r a t u r e  of 350' K i s  assumed f o r  t h e  v e h i c l e ,  i t  would r a d i a t e  

0.085 w a t t  p e r  crn2 of  s u r f a c e  a r e a .  

c r a f t  ( b o o s t e r  and command module) would be i n  e x c e s s  of  10 w a t t s .  For a 

v e h i c l e  a t  a r ange  of  1000 k i l o m e t e r s ,  t h e  energy r e c e i v e d  a t  a s e n s o r  i s  

t h u s  on t h e  o r d e r  of 8 x LO-" w a t t  p e r  s q u a r e  c e n t i m e t e r  of a p e r t u r e .  

The t o t a l  energy r a d i a t e d  by t h e  space -  

5 

Some 50% o f  t h i s ,  or 4 x w a t t  i s  a v a i l a b l e  i n  t h e  8 t o  16  micron 

r e g i o n .  T h i s  f i g u r e  i s  on t h e  o r d e r  of  t h e  n o i s e  e q u i v a l e n t  power of t y p i -  

cal i n f r a r e d  d e t e c t o r s .  It i s  t h e r e f o r e  a p p a r e n t  t h a t  i n f r a r e d  t e c h n i q u e s  

cou ld  be p r o f i t a b l y  employed f o r  t r a c k i n g  t h e  v e h i c l e  i n  i t s  n e a r - e a r t h  

o r b i t .  

2.4 BRIGHTNESS OF OTHER SOURCES. 

The f a i n t n e s s  o f  t h e  v e h i c l e s  i n  t h e  v i c i n i t y  o f  t h e  moon makes i t  d e s i r -  

able t o  i n v e s t i g a t e  other s o u r c e s  o f  i l l u m i n a t i o n .  This i s  done b r i e f l y  

i n  t h e  f o l l o w i n g  pa rag raphs .  

a. I n f l a t a b l e  Sphe re  

A p o s s i b i l i t y  i s  t h e  u s e  o f  an i n f l a t a b l e  s p h e r e ,  such as t h e  Echo S a t e l l i t e .  

F i g u r e  18 i n d i c a t e s  t h e  a p p a r e n t  magni tudes of 100% r e f l e c t i n g  s p e c u l a r  
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s p h e r e s  a t  t h e  d i s t a n c e  of  t h e  moon, as c a l c u l a t e d  from e q u a t i o n  ( 8 ) .  The 

f i g u r e  a l s o  i n d i c a t e s  t h e  mass of t h e  s k i n  o f  such a n  i n f l a t a b l e ,  c a l c u l a t e d  

on t h e  assumption t h a t  t h e  s k i n  is made up o f  aluminum f o i l  1/10,000 inch 

t h i c k .  Buchheim h a s  computed t h e  d i a m e t e r  and mass of  a d i f f u s e  s p h e r e  

a t  f u l l  phase ,  u s i n g  t h e  same assumptions.  Because of  t h e  g r e a t e r  b r i g h t -  

18 

ness of  such a t a r g e t ,  t h e  r e q u i r e d  r a d i i  and masses a re  r e s p e c t i v e l y  abou t  

1 / 2  and 1 /4  t h o s e  shown i n  t h e  f i g u r e .  

To  v i s u a l l y  d e t e c t  such a target a g a i n s t  t h e  f u l l  moon r e q u i r e s  a p r o h i b i -  

t i v e l y  l a r g e  i n f l a t a b l e  (350-750 f o o t  r a d i u s  and 2,500-10,000 pound mass). 

Such a d e v i c e  would o n l y  prove of  v a l u e  f o r  o b s e r v a t i o n s  n e a r  t h e  f u l l  

moon, where r e a s o n a b l y  small i n f l a t a b l e s  cou ld  mater ia l ly  a i d  i n  t h e  d e t e c t -  

a b i l i t y  o f  t h e  t a r g e t .  

b. D i f f u s e l y  R e f l e c t i n g  P l a n e  

Dole' h a s  i n v e s t i g a t e d  t h e  minimum s i z e  r e q u i r e d  o f  a c i r c u l a r  d i f f u s e l y  

r e f l e c t i n g  p l a n e  l o c a t e d  on t h e  moon f o r  v i s u a l  d e t e c t i o n  from t h e  e a r t h .  

U n f o r t u n a t e l y ,  as  p o i n t e d  o u t  above,  h i s  n e g l e c t  of t h e  a p p a r e n t  s u b t e n s e  

of a "po in t "  image p l a c e s  h i s  r e s u l t s  i n  e r r o r .  The d i a m e t e r ,  D ,  of  a 

c i r c u l a r  d i f f u s e l y  r e f l e c t i n g  p l a n e  i s  r e l a t e d  t o  i t s  i l l u m i n a n c e ,  E ,  by 

t h e  e q u a t i o n  

18 
R .  W. Buchheim, A r t i f i c i a l  S a t e l l i t e s  of  t h e  Moon, ASTZA Document 
AD 133021, 14 J u n e  1956. (Rand C o r p o r a t i o n  Research Memorandum RM-1941). 
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where p IS t h e  range t o  t h e  o b j e c t  

Eo IS t h e  i l l u m i n a t i o n  of t h e  o b j e c t  by t h e  sun  

A i s  t h e  a lbedo  o f  t h e  o b j e c t  

T i s  t h e  t r a n s m i s s i o n  of  t h e  e a r t h ' s  a tmosphere 

and $ i s  t h e  a n g l e  between t h e  normal t o  t h e  s u r f a c e  o f  t h e  
o b j e c t  and t h e  i n c i d e n t  r a d i a t i o n  v e c t o r .  

The v a l u e  of  E may be  found by r e f e r e n c e  t o  S e c t i o n  2.3.  

9 - 4  
For t h e  case of  s p e c i f i c  i n t e r e s t ,  p = 1.26 x 10 

f t  

E-10 lumen f t  . Thus,  D = 800 f t .  Even i f  a v e r y  l i g h t  mater ia l ,  

such as urea-formal.dehyde foamed p l a s t i c  ( d e n s i t y  0.1 l b  f t - 3 )  as  s u g g e s t e d  

by Dole were u s e d ,  t h e  mass of  material n e c e s s a r y  would p rove  p r o h i b i t i v e .  

Sp read  o v e r  an area 800 f t  i n  d i a m e t e r  t o  a d e p t h  o f  one  i n c h ,  some 4,200 

f t ,  E@ = 1.41 x 10 lumen 

For v i s u a l  d e t e c t i o n  a g a i n s t  a f u l l  moon, 
-2 , A = 1, T = 0.7 and J t =  Oo. 

- 9  -2  

3 

pounds of  material would be r e q u i r e d .  

C. S p e c u l a r l y  R e f l e c t i n p  P l a n e  Mirror 

I n  t h e  case o f  f l a t  s p e c u l a r  r e f l e c t o r s ,  l i g h t  i s  r e f l e c t e d  i n  acco rdance  

w i t h  t h e  normal l a w  of r e f l e c t i o n ,  and such  a s u r f a c e  w i l l  be v i s i b l e  by 

l i g h t  r e f l e c t e d  from a source  when i t  i s  o r i e n t e d  i n  such a way t h a t  the 

normal t o  t h e  s u r f a c e  b i s e c t s  t h e  v e c t o r s  d e f i n i n g  t h e  d i r e c t i o n s  from t h e  

s u r f a c e  to  t h e  s o u r c e  and t h e  o b s e r v e r .  T h i s  a n g u l a r  r e l a t i o n s h i p  is  ex-  

t r e m e l y  c r i t i c a l ,  and i t  has  even been s u g g e s t e d  t h a t  u s e  may be  made of 

such a r e l a t i o n s h i p  f o r  t h e  a c c u r a t e  d e t e r m i n a t i o n  of  t h e  o r i e n t a t i o n  o f  

19 
s p a c e c r a f t .  

19 
R. J. D a v i s ,  R .  C .  Wells, and F. L. Whipple,  A s t r o n a u t i c a  Aeta, 3 ,  231, 
1957. 
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The o n l y  s o u r c e  of i n t e r e s t  ( t l i e  s u n )  is n s u r f n c . e  S O U ~ C C .  T h 6  amount of  

energy  r e f l e c t e d  t o  a n  o b s e r v e r  t h e r e f o r e  depends on t h e  s o l i d  a n g l e  sub- 

tended  a t  t h e  o b s e r v e r  by t h e  r e f l e c t o r  ( p r o v i d e d  i t  i s  smaller t h a n  t h e  

s o l i d  a n g l e  subtended by the s o u r c e )  and t h e  r e f l e c t a n c e  o f  t h e  r e f l e c t o r .  

A t  i t s  minimum l i g h t ,  such a s u r f a c e  w i l l  a p p e a r  d a r k e r  t h a n  t h e  i n t e r p l a n -  

t 

e t a r y  l lskyll  i t  o b s c u r e s  by ,  s a y ,  5 or  lo%,  because  of  r e f l e c t i o n  losses. 

The i n t e r p l a n e t a r y  h a s  a b r i g h t n e s s  of a b o u t  +23.5 magni tudes  p e r  

s q u a r e  second of  a rc ,  and t h e  s p e c u l a r  r e f l e c t i n g  p l a n e  can be . expec ted  t o  

be pe rhaps  0.1 magnitude per s q u a r e  second of  a r c  f a i n t e r  a t  i t s  minimum. 

The sun h a s  a n  a p p a r e n t  s u r f a c e  b r i g h t n e s s  of  a b o u t  -10.5 magni tudes  p e r  

s q u a r e  second of  arc. Provided t h a t  t h e  r e f l e c t i n g  s u r f a c e  s u b t e n d s  a 

6 smaller area t h a n  t h e  sun ( 2 . 8 9  x 10 s q u a r e  seconds  of  a r c ) ,  t h e  maximum 

b r i g h t n e s s  of  t h e  s u r f a c e  w i l l  be  g i v e n  by 

m - - 1 2 . 8  - 2 . 5  l o a  y a  + 5 l o g  0 ;  m 2 -  2 6 . 8  , ( 3 8 )  10 10 

where y i s  t h e  r e f l e c t i v i t y  of  t h e  s u r f a c e ,  

a i s  t h e  area o f  t h e  s u r f a c e  i n  s q u a r e  i n c h e s ,  

and p i s  t h e  range t o  t h e  t a r g e t  i n  n a u t i c a l  mi les .  

For t h e  most d i f f i c u l t  d e t e c t i o n  problem ( a  t a r g e t  a t  t h e  d i s t a n c e  o f  t h e  

moon d e t e c t e d  v i s u a l l y  a g a i n s t  t h e  f u l l  moon), m 5  6 . 2 .  

t i n c t i o n  might  accoun t  f o r  a loss of 0 . 4  magni tude ,  and so i t  i s  d e s i r a b l e  

t h a t  m55.8. For y =  0.9 and p = 210,000 n a u t i c a l  miles,  e q u a t i o n  (38) 

Atmospheric  ex-  

i n d i c a t e s  a v a l u e  of  a o f  1,600 s q u a r e  i n c h e s .  A m i r r o r  a b o u t  45 i n c h e s  

i n  diameter I s  t h u s  a l l  t h a t  is r e q u i r e d .  F i g u r e  19 i n d i c a t e s  t h e  appa-  

r e n t  b r i g h t n e s s  of such  a mirror as a f u n c t i o n  of i t s  r a n g e .  Such a 
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t a r g e t  cou ld  be d e t e c t e d  v i s u a l l y  and p h o t o g r a p h i c a l l y  on or n e a r ' t h e  f u l l  

moon. 

naked eye  i n  broad d a y l i g h t  a t  r anges  less than  abou t  2 ,800 n a u t i c a l  miles.  

I t  would be n e c e s s a r y ,  however, t o  p rov ide  o p t i c a l  means f o r  t h e  p rope r  

a l ignmen t  of such a t a r g e t .  Perhaps  t h i s  might  be done by some s o r t  of  

r e t r o f l e c t o r  s i g h t ,  as was done w i t h  a number of  emergency s i g n a l  m i r r o r s  

A t  c l o s e r  r a n g e s ,  it would be a s p e c t a c u l a r  o b ' j e c t ,  v i s i b l e  t o  t h e  

d u r i n g  World War 11. I f  c o n s t r u c t e d  of t h i n  aluminum s h e e t i n g ,  t h e  weight  

o f  t h e  mirror would be less than 20 pounds. 

d .  Fixed  L i g h t  Emitters 

The minimum f l u x  r e q u i r e d  o f ,  f o r  i n s t a n c e ,  a s e a r c h l i g h t ,  i s  s imply . 

-9 - 2  
The maximum i n t e n s i t y  r e q u i r e d  o c c u r s  when E % 1 0  lumen f t  , , p =  1.26 

x lo9 f t ,  and T %0.7. 

1.8 x 10 s p h e r i c a l  candlepower.  

9 Then 0 = 2.3 x 10 lumen, r e q u i r i n g  a lamp o f  

8 

T h i s  v a l u e  assumes t h a t  t h e  e m i t t e r  r a d i a t e s  un i formly  i n  a l l  d i r e c t i o n s .  

I f  a c o l l e c t o r ,  such as  a s e a r c h l i g h t  r e f l e c t o r  i s  employed, t h e  r e q u i r e d  

candlepower becomes much less. If something on t h e  o r d e r  o f  1 /3  of t h e  

t o t a l  f l u x  i s  c o l l e c t e d  and . r e d i r e c t e d  i n t o  a beam w i t h ,  s a y ,  a 5 O  beam 

s p r e a d ,  e s o u r c e  of  abou t  10 candlepower i s  r e q u i r e d .  6 
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GLOSSARY OF SPECIAL SYMBOLS 

projection of  B on plane normal to longitudinal 
axis 

angle between sun direction and observer direction 
with center of vehicle as apex. This is also 
called phase angle. 

0.0 minutes of arc 

angle from zenith to target 

stellar magnitude of vehicle 

threshold magnitude of stellar image 

limiting threshold magnitude 

color index 

photographic magnitude 

P1anck:s constant 

€ requenc y 

velocity of light 

line pairs per millimeter 
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